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Abstract 

NGF activates several signaling cascades in sympathetic neurons. We have examined hov^ 
activation of one of these cascades, the ERK/MAP kinase pathway, affects dendritic growth in 
these cells. Dendritic growth was induced by exposure to NGF and BMP-7. Exposure to NGF 
increased phosphorylation of ERKl/2. Unexpectedly two MEK inhibitors (PD 98059 and U 
0126) enhanced dendritic growth and a ligand, basic FGF, that activates the ERK pathway 
inhibited the growth of these processes. The enhancement of dendritic grov^h by PD 98059 was 
associated with an increase in the number of axo-dendritic synapses and it appeared to represent 
a specific morphogenic effect because neither axonal growth nor cell survival was affected, Li 
addition, increased dendritic growth was not observed following exposure to inhibitors of other 
signaling pathways, including the phosphatidylinositol-3-kinase inhibitor LY 294002. Dendritic 
growth was also increased in cells transfected with dominant negative mutants of MEKl and 
ERK2, but not with dominant negative mutants of MEK5 and ERK5, suggesting that ERKl/2 is 
the primary mediator of this effect. Exposiu-e to BMP-7 induces nuclear translocation of 
SMADl and PD 98059 treatment potentiated nuclear accumulation of Smad-1 induced by BMP- 
7 in sympathetic neurons, suggesting a direct enhancement of BMP signaling in cells treated 
with a MEK inhibitor. These observations indicate that one of the signaling cascades activated 
by NGF can act in antagonistic maimer in sympathetic neurons and reduce the dendritic growth 
induced by other NGF-sensitive pathways. 
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Introduction 

Dendrites are the primary site of synapse formation in the vertebrate nervous system. 
Therefore, it is important to imderstand how the growth of these processes is regulated. Many 
growth factors have been found to stimulate dendritic growth (Higgins et aL, 1997) but two 
famiUes appear to have especially prominent and widespread effects. Members of the bone 
morphogenetic protein (BMP) family enhance dendritic growth in sympathetic, spinal motor, 
cortical, striatal, and hippocampal neurons (Lein et al., 1995; Withers et aL, 2000; Esquenazi et 
aL, 2002; Gratacos et aL, 2002) whereas various neurotrophins increase the growth of these 
processes in cortex (McAUister et aL, 1995; Baker et al, 1998), retina (Lom et aL, 2002) and 
cerebellum (Schwartz et aL, 1997). Moreover, there is evidence for interactions between these 
two classes of stimulatory molecules with sympathetic neurons requiring simultaneous exposure 
to both a member of the BMP family and to nerve growth factor (NGF) for optimal dendritic 
growth (Lein et aL, 1995). A variety of cytokines and hormones have also been found to inhibit 
dendritic growth (Guo et aL, 1999; Chandrasekaran et aL, 2000; Drahushuk et aL, 2002; Kim et 
aL, 2002). However, the signaling cascades triggered by these stimulatory and inhibitory agents 
and their interactions remain poorly characterized. 

The binding of neurotrophins to trk receptors activates several signaling pathways. These 
include the extracellular signal-regulated kinase (ERK) cascade, phosphatidylinositol-3-kinase 
(PI-3 kinase)/Akt kinase, and phosphohpase C (PLC)-yl (Huang and Reichardt, 2001; Chao, 
2003). Of particular interest is the ERK pathway, which has many effects on neural tissues. For 
example, activation of ERKs increases axonal growth in sympathetic neurons (Atwal et aL, 
2000), dorsal root ganglia (Sjogreen et aL, 2000; Wiklund et aL, 2002), and PC 12 cells 
(Traverse et aL, 1992; Pang et aL, 1995) in vitro and it also enhances axonal regeneration 
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following axotomy in vivo (Miura et al., 2000). In addition, ERK stimulation plays an important 
role in activity-dependent regulation of neuronal functions such as synaptic plasticity, learning, 
and memory (Grewal et al., 1999; Adams and Sweatt, 2002). In this study we examined the role 
of the ERK pathway in the regulation of dendritic growth in sympathetic nexirons exposed to 
BMP-7 and NGF. Co-stimulation with these two agents leads to a rate of dendritic growth in 
vitro that is equivalent to that observed in vivo (Lein et al., 1995) and there is evidence for 
sympathetic neurons being exposed to both of these growth factors in vivo, with NGF being 
derived from target tissues (Purves et al., 1988) and BMPs being produced by glia (Lein et al., 
2002). 

Our data indicate that inhibition of ERKl/2 activation by either pharmacological agents 
or overexpression of dominant-negative mutants potentiates dendritic growth in the presence of 
BMPs and NGF and that this represents a specific morphogenetic effect because neither axonal 
growth nor cell survival is affected. These observations indicate that one of the signaling 
cascades activated by NGF acts in antagonistic manner in sympathetic neurons and reduces the 
dendritic growth induced by other NGF-sensitive signaling pathways. 
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Materials and Methods 
Materials 

Recombinant human BMP-2, BMP-6 and BMP-7 were generous gifts from Curis 
(Cambridge, MA). PD 98059 was purchased from BIOMOL Research Laboratories (Plymouth 
Meeting, PA) and U0126 was from Promega (Madison, WI). LY 294002 was obtained from 
Sigma (St. Louis, MO) and SB 202190 from Calbiochem (San Diego, CA). 

Cell Culture 

Cultures of neurons from the superior cervical ganglia of embryonic (day 21) Holtzman rats 
(Harlan Sprague-Dawley, Rockford, XL) were prepared according to previously described 
methods (Higgins et al., 1991). Briefly, cells were dissociated following enzymatic treatment 
with trypsin (2.5 mg/ml) and collagenase (1 mg/ml). Subsequently they were pelleted, 
resuspended in serum-free medium and plated at low density (-10 cells/mm^) onto poly-D-lysine 
(100 |ig/ml) coated coverslips. The serum-free culture medium (Higgins et al., 1991) contained 
P-nerve growth factor (NGF, 100 ng/ml). To kill dividing non-neuronal cells, the anti-mitotic 
agent cytosine-p-D-arabinofiiranoside (1 jaM) was added to the medium for 48 hr beginning on 
day 2. Experimental treatments were begun on the 6th or 7th day in vitro. 

Morphological analyses 

Cellular morphology was analyzed by immunocytochemical methods (Lein et al., 1995). 
Culture were fixed with 4 % paraformaldehyde and permeabilized with 0.1 % Triton- X 100 in 
PBS (3 min). Cells were then incubated with monoclonal antibodies (mAb) that recognize either 
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axons or dendrites; followed by detection with rhodamine conjugated secondary antisera (Roche 
Diagnosis Co., Indianapohs, IN). A mAb to microtubule-associated protein-2 (MAP2, SMI-52; 
Stemberger Immunocytochemicals, Baltimore, MD) was used to visualize dendrites. Axons 
were identified with a mAb to phosphorylated forms of the H and M neurofilament subunits 
(SMI-31; Stemberger hnmunocytochemicals). SPOT software (Diagnostic Instruments Inc., 
Sterling Heights, MI) was used to measure the total neuritic length. Synaptic specializations that 
formed along dendrites were visuaUzed by double-labeling the cultures with rabbit anti-MAP2 
IgG (a gift from Dr. Craig Gamer, University of Alabama at Birmingham, Birmingham, AL) and 
mAb to synaptic vesicle protein-2 (SV-2; Developmental Hybridoma Bank, University of Iowa) 
(Feany et al, 1993) and then with rhodamine conjugated antibody to rabbit IgG and fluorescein 
conjugated antibody to mouse IgG (Roche Diagnostics Co., Indianapolis, IN). 

Axonal growth was also assessed by plating cells at low density (- 3,000 cells/coverslip) 
onto ©ridded coverslips with embossed coordinates (CELLocate, Eppendorf Scientific, Inc, 
Hamburg, Germany). Under these conditions, one can serially monitor axonal growth for 
extended periods by relocating previously examined neurons (Guo et al., 1999). After 
eliminating non-neuronal cells, neurons were grown in medium with or without PD 98059 for 5 
days and total axonal length was periodically measured with NIH Image J (1.25s). 

The rabbit IgG fraction used to examine the cellular distribution of Smad-1 was obtained 
from Upstate Biotechnology (Lake Placid, NY). Briefly, cultures were fixed with 4 % 
paraformaldehyde (15 min, 20*'C) and permeabilized with methanol (10 min, - 20''C). Cells were 
examined with a Bio-Rad confocal microscope, using 1 |am optical sections. 
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Experiments were typically performed 3 times and data are presented as the mean ± S.E.M.. 
Statistical significance was assessed by Student's Mest or a one-way analysis of variance 
(ANOVA) followed by Tukeys post hoc test. 

Western blotting 

Cells were solubilized in 50 mM Tris-HCl (pH 7.4), ImM EDTA, 0.1 % SDS and 2.0 % P- 
mercaptoethanol. After centrifugation at 15,000 X g for 10 min, the protein concentration was 
determined using a Bio-Rad protein assay. Proteins (10 ng/lane) were separated by SDS-PAGE 
(12 %) and transferred to PVDF membranes. Blots were probed with polyclonal antibodies to 
ERKl/2 or phosphorylated-ERKl/2 (Cell Signaling, Beverly, MA) or a mAb to MAP2 (SMI 52) 
and incubated with an HRP-conjugated secondary antibodies (Boehringer Mannheim 
Biochemicals, Indianapolis, IN). Detection was performed using an enhanced chemiluminescent 
reagent (Amersham, Piscataway, NJ). To quantify data, films were scanned using an HP ScanJet 
ADF scanner and HP Precision ScanPro software, and band density determined as arbitrary 
absorption units. 

Transfection 

Cells were cotransfected with a plasmid encoding the enhanced green fluorescent protein 
(pEGFP-N2, Clontech, Palo Alto, CA) and plasmids containing either MEK or ERK constructs. 
The former were a generous gift from Dr. Natalie Ahn (University of Colorado, Boulder, 
Colorado) and consisted of the expression vector pMCL containing HA-MAPKK (wild type), 
HA-K97M MAPKK(dominant negative carrying M substitution at K97), or HA-S218E/S222D 
MAPKK (constitutively active) (Mansour et al., 1994). Dominant-negative ERK2, ERK5, and 
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MEK5 constructs (Kato et aL, 1997) were kindly provided by Dr. Lee (Scripps Research 
Institute, La Jolla). Transfection was performed using LipofectAmine 2000 (Invitrogen, 
Carlsbad, CA) according to the manufacturer's protocol. Briefly, cells in 12 well dishes were 
treated on day 5 with 500 }al/well of Dulbecco's modified Eagle's medium containing 1.5 |Lig of 
DNA and 6 |j,g of LipofectAmine. After incubation for 6 hr, cells were washed and allowed to 
recover for 48 hr before experimental treatments were begun. Transfection efficiency was 
typically -20% (Kim et al., 2002) 
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Results 

Inhibition of MEK enhances dendritic growth and synapse formation. 

Embryonic sympathetic neurons extend only axons (Bruckenstein and Higgins, 1988a) when 
grown in serum-free medium in the absence of non-neuronal cells (Fig. 1). Exposure to a modest 
concentration (10 ng/ml) of BMP-7 causes these neurons to form 2-3 dendrites over 5 days (Fig. 
1). Neurons treated with maximally effective doses (> 50 ng/ml) of BMP-7 extend a greater 
number of primary dendrites (Fig. 2) and eventually generate a dendritic arbor that is equivalent 
in size to that observed in situ (Lein et al., 1995). 

We wanted to examine the possibiUty that the MAPK pathway regulates dendritic growth. 
Sympathetic neurons were grown in the presence of a maximally effective concentration (100 
ng/ml) of NGF. Therefore, it was expected that the MEK/MAPK pathway would be active under 
our culture conditions (Creedon et al., 1996). To assess morphological changes in dendrites, 
cells were exposed to an inhibitor of MEKl (PD 98059) with or without BMP-7 (10 ng/ml) for 5 
days. PD 98059 alone did not induce morphological changes in sympathetic neurons (Fig. 1). 
However, it potentiated the inductive effects of BMP-7 on dendritic growth. The potentiating 
effects of PD 98059 were detected at concentrations as low as 0.1 |aM and the ED50 was - 0.3 
^iM (Fig, 2). In cultures treated with moderate doses of BMP-7 (10 ng/ml), PD 98059 produced 
a 2-fold increase in the number of dendrites and total dendritic length increased 3-fold (Fig.2). 
The potentiating effects of PD 98059 were also observed in the presence of maximally effective 
concentrations of BMP7 (> 50 ng/ml): there was a -50% increase in the number of dendrites and 
a -35% in total dendritic length. Non-linear regression analysis (Marquardt-Levenberg 
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algorithm) revealed that PD 98059 increased the maximum response, i.e., it increased the 
number of dendrites that sympathetic neurons develop in culture but did not affect the ED50. 
These data suggest that the effect of PD 98059 on BMP7-induced dendritic growth is an 
enhancement of BMP7 efficacy. PD 98059 also enhanced BMP-2 and BMP-6-induced dendritic 
growth (data not shown), suggesting that PD 98059 affects a common pathway in BMP 
signaling. 

To further characterize the effects of MEK inhibition on sympathetic neurons, we examined 
the effects of PD 98059 on MAP2 expression and synapse formation. MAP2 is a protein that is 
found primarily dendrites and its expression increases following exposure to BMP-7 (Guo et al., 
1998). In agreement with previous reports. Western blotting revealed that the expression of 
MAP2 increased 2.8 ± 0,2 fold after 48 hours of BMP-7 exposure, hi the presence of PD 98059, 
the increase in MAP2 expression was greater (3.5+0.1 fold increase), suggesting a modest 
synergistic action on MAP2 expression. Treatment with PD 98059 also increased the formation 
of axo-dendritic synapses by 46% (Fig. 3). Thus MEK inhibition not only enhances the growth 
of dendrites, but also increases the number of contacts made with these processes. 

To confirm that MEK was indeed active in our system and that PD 98059 blocked its 
activity, we examined the activation of ERKl/2, which are kinases downstream from MEK, 
Westem blotting was performed, using an antibody that recognizes a phosphorylated form of 
ERKl/2 (Thr 202/Tyr 204). Pretreatment of cells with PD 98059 (10 iiiM) for 30 min completely 
inhibited the phosphorylation of ERKl/2 produced by NGF (100 ng/ml) (not shown). The 
specificity of action of PD 98059 was further assessed by comparing its effects with those of a 
structurally unrelated MEK inhibitor U 0126 (Fig. 4). A 2,5-fold increase in the number of 
dendrites per cell was observed in cultures treated with U 0126 in the presence of BMP-7, 



11 



strongly suggesting that the potentiation of dendritic growth by PD 98059 is due to its abiUty to 
inhibit MEK. 

We next determined whether a dominant-negative mutant of MEK 1 that is catalytically 
inactive (K97M) also enhances BMP-7-induced dendritic growth. For these transfection 
experiments, we needed to use higher density cultures in which dendritic growth was less robust 
than in low density cultures used in other experiments (Fig 5). However, inhibition of MEK also 
enhanced dendritic growth in these cultures (not shown). Wild type or mutant MEKl was 
cotransfected with EGFP to identify the transfected cells. Forty-eight hours later, cells were 
treated with BMP-7 (10 ng/ml) for 5 days. Li cultures transfected with control vector or wild 
type MEKl, BMP-7 caused cells to extend ~1 dendrite, indicating that transfected cells 
responded to BMP-7 (Fig. 5). Consistent with previous results, overexpression of the dominant- 
negative mutant of MEKl potentiated BMP-7-induced dendritic growth by -1 .8-fold. Moreover, 
constitutively active MEKl decreased dendritic growth, strongly suggesting that the 
ERK/MAPK pathway regulates dendritic growth in sympathetic neurons. 

NGF causes activation of both ERKl/2 and ERK5 in sympathetic neurons and there is 
evidence indicating the various ERKs subserve different cellular functions in these cells (Watson 
et al., 2001). To determine whether a particular isoform was involved in the regulation of 
dendritic growth, sympathetic neurons were transfected with dominant negative constmcts of 
ERK2 and ERKS. Only the former enhanced dendritic growth (Fig 6). Dominant negative 
mutants of ERKS and MEK5, the kinase upstream of ERKS, were inactive. 

MAP kinase does not affect cell number or axonal growth. 
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To determine whether PD 98059 selectively affects dendrites, we examined its effects on cell 
survival. There was no significant change in neuronal number in the presence of a maximally 
effective concentration (10 [iM) of PD 98059 (Fig. 7). This finding is consistent with previous 
reports that inhibition of MEK activity by PD 98059 does not suppress the survival of 
sympathetic neurons (Creedon et al., 1996; Virdee and Tolkovsky, 1996). 

Inhibition of MEK activation inhibits neuritic growth in PC12 cells (Cowley et al., 1994; 
Pang et al., 1995) and axonal regeneration after axotomy in sensory neurons of the dorsal root 
ganglia (Sjogreen et al., 2000; Wiklund et al., 20002). Therefore, we used 2 methods to 
determine whether PD 98059 affects axonal growth in our system (Fig. 8). First, initial axonal 
outgrowth was assessed at 12 hrs after plating. Immuostaining with an antibody that recognizes 
the phosphorylated forms of the H and M neurofilament subunits showed that PD 98059 does not 
interfere with initial axonal growth. To examine possible long time effects of PD 98059 on 
axonal growth, neurons were plated onto gridded coverslips at low density, which allowed us to 
observe morphological changes of individual axons in the same region over the time (Fig. 8). 
Treatment with PD 98059 began on day 5 in vitro, at which time a minimal level of axonal 
growth had been established. Total axonal length was reassessed 1,3, and 5 days later and serial 
imaging showed that the inhibition of MEK activity does not affect axonal growth. These data 
suggest that MAP kinase selectively affects dendritic growth in sympathetic neurons grown 
under serum- fi-ee conditions. 

Comparison of effects of MEK inhibitors and other kinase inhibitors. 

The p38 kinase, a member of the MAPK subfamily, has also been implicated in neuronal 
differentiation, including NGF-induced neuritic growth of PC 12 cells (Morooka and Nishida, 
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1998; Hansen et al., 2000). In addition, PI-3 kinase is activated by neurotrophic factors that 
regulate the axonal growth and survival of sympathetic neurons (Kuruvilla et al., 2000). To 
determine if these kinases regulate dendritic growth, sympathetic neurons were exposed to SB 
203580, ap38 kinase inhibitor, or the PI-3 kinase inhibitor, LY294002, in the presence of BMP- 
7 (10 ng/ml) for 6 days (Table 1). Neither inhibitor potentiated BMP7- induced dendritic 
growth. The inhibition of dendritic growth by LY 294002 may be due to its deleterious effects 
on sympathetic neuronal health survival (Crowder and Freeman, 1998; Mazzoni et al., 1999) and 
somatic atrophy was observed in our cultures. 

FGF inhibits BMP-7-induced dendritic growth 

We next determined whether other growth factors that activate the ERK pathway also 
inhibit BMP-7-induced dendritic growth. Neurons were cultured in the media containing 10 
ng/ml of NGF. This concentration of NGF allows high rates of survival (90-100%) of 
sympathetic neurons (BeUiveau et al,, 1997). However, it is suboptimal for promoting dendritic 
growth and thus provides favorable conditions for examining effects of FGF-induced ERK 
activation on dendritic growth. In cultures treated with moderate doses of BMP-7 (5 ng/ml), 
there was a 45 % decrease in the nimiber of dendrites/ cell in the presence of FGF (Fig. 9), 
suggesting that FGF-induced ERK activation inhibits dendritic growth in sympathetic neurons. 

MAPK blocks the nuclear accumulation of Smad-1. 

MAPK has been shown to inhibit the nuclear accumulation of Smad-1 by phosphorylating a 
site in the linker region between DNA-binding domain and the transcriptional activation domain 
(Kretzschmar et al., 1997). To explore the mechanism involved in MAPK-mediated regulation 
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of dendritic growth, we examined the possibility that the inhibition of MAPK activity enhances 
nuclear accumulation of Smad-1 . Treatment with a maximally effective concentration of BMP-7 
(100 ng/ml) caused marked induction and nuclear translocation of Smad-1 within 2 hr 90 % 
nuclei labeled; Fig. 10). In contrast, treatment of BMP-7 at a concentration approximating the 
EC50 (10 ng/ml) did not cause a detectable effect at this time; most cells still showed modest 
Smad-1 staining in the cytoplasm (~ 15 % nuclei labeled). These data indicate that lower 
concentrations of agonist cause a decrease in the kinetics of signaling events mediated by BMP- 
7. However, PD 98059 treatment potentiated the induction and nuclear accumulation of Smad-1 
(- 42 % nuclei labeled), as compared to treatment with the lower concentration of BMP-7 alone. 
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Discussion 



The ERK signaling pathway regulates crucial aspects of neuronal development, including 
cellular survival and differentiation (Traverse et al., 1992; Pang et aL, 1995; Bergmann et al., 
1998; Kurada and White, 1998; Anderson and Tolkovsky, 1999; Atwal et al., 2000; Wiklund et 
al., 2002). Activation of the ERK signaUng pathway has also been foimd to alter axonal growth 
in sympathetic, sensory and spinal motor neurons (Atwal et aL, 2000; Miura et al., 2000; 
Sjogreen et aL, 2000; Wiklund et aL, 2002) and neurite outgrowth in PC 12 cells (Traverse et aL, 
1992; Pang et aL, 1995). In most instances the effects of ERK activation on axonal growth have 
been stimulatory. In contrast, our data indicate that inhibition of ERK signaUng enhances BMP- 
7-induced dendritic growth and synapse formation, indicating that activation of this pathway 
may adversely affect neural development under some circumstances. 

Our observations contrast with a recent reporting suggesting that ERKs mediate activity- 
dependent increases in dendritic growth. In particular, Vaillant et al. (2002) found that 
depolarization of sympathetic neurons via exposure to KCl stimulates the ERK pathway and that 
this increases dendritic stability. Subtle differences in the culture systems, such as the use of 
serum (Bruckenstein et al., 1988b) by Vaillant et aL, may underlie these discrepant results. 
However, it should be noted that basal dendritic growth was limited in their control cultures 
(average total dendritic arbor of -13 |am) and that KCl provided only a moderate enhancement of 
dendritic growth (total arbor of ~ 23 |am). In contrast, the amount of dendritic growth in our 
BMP-7 treated cultures (-300 [im in 5 days) was an order of magnitude greater and indeed the 
rate of growth was close to that which is observed in vivo (Lein et aL, 1995). Thus, while there 
may be circumstances where depolarization-induced ERK activation can stimulate dendritic 
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growth such as the refinement of terminal processes, it is Ukely that opposite effects dominate 
when there is rapid expansion of the dendritic arbor. 

Sympathetic neurons require NGF for their survival (Levi-Montalcini, 1987; Deckwerth 
and Johnson Jr., 1993). Therefore, most tissue culture media contain a saturating concentration 
of this trophic factor. In agreement with others (Huang and Reichardt, 2001; Chao, 2003), we 
found that NGF activates the MEK pathway and thereby causes the phosphorylation of ERKl/2. 
Surprisingly, two pharmacological inhibitors of the ERK pathway and a dominant negative 
mutant of MEKl stimulated dendritic growth, indicating that the effect of ERK activation on 
dendrites is inhibitory. In contrast, NGF is known to stimulate dendritic grovc^h in vivo and in 
vitro (Purves et aL, 1988; Snider 1988; Lein et al., 1995). This apparent contradiction is 
probably explained by the fact that NGF activates multiple signal transduction cascades via trkA 
receptors, including the ras/ERK pathway, PI-3 kinase/ Akt kinase pathway, and PLC-yl (Segal 
and Greenberg, 1996; Huang and Reichardt, 2001). Of particular interest is PI-3 kinase/Akt 
signaling. Since it is required for survival and neuronal hypertrophy (Crowder and Freeman, 
1998; Mazzoni et aL, 1999; Kuruvilla et al., 2000; Tsui-Pierchala et aL, 2000), it seems a 
reasonable candidate for mediating increased dendritic growth by NGF. Our finding that an 
inhibitor of the PI-3 kinase pathway inhibits dendritic growth is consistent with this hypothesis. 
Similarly in a previous study (Drahushuk et aL, 2002), we foimd that an inhibitor of PLC 
reduced BMP-induced dendritic growth. These data suggest that the net effects of NGF on 
dendritic growth represent the sum of an inhibitory signaling component via ERK signahng and 
stimulatory signals fi-om other trk- or p75-mediated signaling pathways. In this respect it is 
important to note that the MEK-ERK and the PI-3 kinase- Akt pathways are often simuUaneously 
activated in response to growth factors and hormones, and, although the most firequent 
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interaction between these two pathways is synergistic, there are also many instances 
(Kauffinann-Zeh et al., 1997; Rommel et al., 1999) in which they have been found to function in 
an antagonistic manner in non neuronal tissues. For example, inhibition of ILGF-induced ERK 
activation increases myogenic differentiation whereas inhibition of ILGF-induced Akt activation 
decreases myogenic differentiation (Coohcan et al., 1997). Such opposing interactions offer the 
potential for fine tuning critical cellular functions such as dendritic growth and synapse 
formation. Moreover, they allow potential integration of signaling pathways activated by growth 
factors, transmitters, and activity. 

Recent studies suggest that neurotrophins activate different signaling pathways 
depending on the location of stimulation and that these may have different cellular consequences. 
Watson et al. (2001) showed that direct application of NGF to the cell body induces 
phosphorylation and nuclear translocation of both ERKl/2 and ERK5. In contrast, exposure of 
axon terminals to NGF caused rapid activation of only ERK5 in the cell body. Similarly, the 
effects of BDNF on dendritic growth in retinal ganglion cells vary depending on its source (Lom 
and Cohen-Cory, 1999; Lom et al., 2002): dendritic growth is promoted by target-derived 
BDNF, whereas it is inhibited by locally applied BDNF. Our data indicate the inhibitory effects 
of ERK on dendritic growth are mediated by ERKl/2 and that ERK5 is not involved, suggesting 
that it is local ERK activation occurring in the cell body or dendrites rather than axon terminals 
that is inhibitory for sympathetic neurons. In this respect it is important to note that other 
activators of the ERK pathway, such as FGF, can also inhibit dendritic growth and that 
preganglionic sympathetic nerve terminals contain peptides such as PACAP and VEP (Baldwin et 
al., 1991; Sasek et al., 1991; Beaudet et aL, 1998) that are known to cause ERK activation 
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(Frodin et al., 1994; Young et al., 1994; Barrie et aL, 1997) and to inhibit dendritic growth 
(Drahushuk et al., 2002). 

The cellular mechanism by which ERK signaling affects BMP-7-induced dendritic 
growth may involve interactions with proteins involved in BMP signaling. We found that 
treatment with PD 98059 enhances the nuclear accumulation of Smad-1 in response to a low 
concentration of BMP-7 and that it increases nuclear accumulation to a degree comparable to 
that of cultures treated with a maximally effective concentration of BMP-7. These data suggest 
that ERKs negatively affect the transcriptional activity of Smad-1. Similarly, Kretzchmar et al 
(1997) reported that activation of the ERK pathway inhibits the nuclear accumulation of Smad-1 
by causing phosphorylation of the hinge region linking the inhibitory and effector domains of 
Smadl. This phosphorylation site is separate and distinct from the C-terminal sequence of 
Smad-1 phosphorylated by the BMP-7 receptor. However, it plays a critical role in regulating 
Smad-1 activity (Kretzchmar et al., 1997). In addition, oncogenic Ras represses TGF-P 
signaling through down-regulation of Smad-4, the common-partner Smad (Saha et aL, 2001), 
which is mediated by the activation of ERK pathway. Thus interactions between ERKs and 
downstream mediators of BMP signaling may account for some of inhibitory effects of ERK 
activation on dendritic growth in sympathetic neurons. 
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Table 1. Comparison of effects of MEK inhibitors and other kinase inhibitors on BMP-7-induced 
dendritic growth. 



Treatment 


Dendrites/ Cell 


BMP7 


3.21+0.21 


BMP7 + PD 98059 


5.3? ±0.22 * 


BMP7 + U0126 


5.98 ± 0.24 * 


BMP? + SB 202190 


3.38 ±0.18 


BMP? + LY 294002 


1.9? ±0.14 * 



Sympathetic neurons were exposed to BMP? (10 ng/ml) alone or with one of following kinase 
inhibitors for 5 d: PD 98059 (10 jxM), U 0126 (10 ^M), SB 202190 (10 ^M) or LY 294002 (10 
fiM). Dendrites were detected by immunostaining with a mAb to MAP2. * p < 0.05 vs. BMP-?. 
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FIGURE LEGENDS 

Figure 1. Effects of BMP-7 and PD 98059 on the morphology of sympathetic neurons. 

Phase-contrast (A, C, E, G) and fluorescence (B, D, F, H, I, J) micrographs of neurons 
immunostained with a mAb to MAP2. Neurons in control cultures had only axons (A, B). 
Neurons exposed to BMP-7 (10 ng/ml) for 5 days extended dendrites (C, D) and this response 
was enhanced by treatment with PD 98059 (10 |aM; E, F). PD 98059 alone had no effect on 
dendritic growth (G, H). Panels (I) and (J) are low power micrographs of cells exposed to BMP 
alone (I) or in the presence of PD 98059 (J). Bars, 25 )im. 

Figure 2. Inhibition of MEKl enhances BMP-7-induced dendritic growth. 

Sympathetic neurons were exposed to various concentrations of the MEK inhibitor PD 98059 
(A) with or without BMP-7 (10 ng/ml) for 5 days. Altematively cells were exposed to varying 
concentrations of BMP-7 (B, C) in the presence of PD 98059 (10 |aM). The number of 
dendrites/cell (B) and total dendritic length (C) was assessed by immunostaining with mAb to 
MAP2 (N > 60 cells). * p< 0,05 vs control 

Figure 3. Effects of a MEK inhibitor on synapse formation in cultures of sympathetic 
neurons. 

Neurons were treated with BMP-7 (10 ng/ml) with or without PD 98059 (10 |aM) for 5 days. 
Dendritic morphology and presynaptic specializations were analyzed by double-immunostaining 
with antibodies to MAP2 and SV2 (N > 30 cells/condition). SV2-positive puncta that are 
associated with dendrites have previously been shown to represent sites of synaptic contact 
(Fletcher et aL, 1991). * p< 0.05 vs control. 
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Figure 4. Effects of U 0126 on dendritic growth. Sympathetic nevirons were exposed to 
various concentrations of the MEK inhibitor U 0126 with or without BMP-7 (10 ng/ml) for 5 
days. Cellular morphology (N > 60 cells) was assessed by immunostaining with mAb to MAP2. 
* p< 0,05 vs BMP-7 alone 

Figure 5. Dominant-negative MEKl potentiates BMP-7-induced dendritic growth. 

For transfections, sympathetic neurons were plated at three- fold higher density (-30 cells/mm ) 
than in previous experiments. Under these conditions, BMP-7 (10 ng/ml) still induced dendritic 
growth but the magnitude of the response was reduced (A), Neurons were cotransfected with 
plasmids containing EGFP and wild type MEKl (MEKl WT) or dominant negative mutant 
(MEKl K97M) (B) or with a constitutively active mutant (D). Two days later, cells were treated 
with BMP7 (10 ng/ml). On day 5, cellular morphology was assessed by immunostaining with a 
mAb to MAP2 (N ^60/group). Transfected cells were identified by expression of EGFP. * p < 
0.05 vs BMP-7. 

Figure 6. Dominant negative ERK2 enhances dendritic growth. 

Sympathetic neurons were cotransfected with plasmids containing EGFP and one of the 
following constructs: dominant negative ERK2 (AEF; Thrl83and Tyrl85 replaced with alanine 
and phenylalanine; Kato et al., 1997), dominant negative ERK5 (AEF) or dominant negative 
MEK5 (A). Two days later, cells were treated with BMP7 (10 ng/ml). On day 5, cellular 
morphology was assessed by immunostaining with a mAb to MAP2. Transfected cells were 
identified by expression of EGFP. * p < 0.05 vs BMP-7. 
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Figure 7. Inhibition of MEKl does not alter cell survival. 

Sympathetic neurons were treated with BMP-7 (10 ng/ml) with or without PD 98059 (10 jiM) 
for 5 days. Subsequently cell survival was determined by coxmting the number of MAP2 
positive cells. 

Figure 8. Inhibition of MEKl activity does not affect axonal growth. 

(A) Dissociated neurons were plated onto coverslips coated with laminin (2 |J.g/ml) in control 
medium (C2) or in the presence of PD 98059 (10 ^iM) and/or BMP-7 (10 ng/ml) for 12 hrs. 
Axons were identified by immunostaining with a mAb that recognizes phosphorylated forms of 
H and M neurofilament subunits (N > 40 cells). (B, C, D) Neurons were plated at low density 
onto gridded coverslips. After elimination of non-neuronal cells, neurons were grown in 
medium with or without PD 98059 (10 |iM) and/or BMP-7 (10 ng/ml) for 5 days. Representative 
areas of the cultures were photographed just before treatments and after 1,3, and 5 days of 
treatment. The total linear length of all axonal processes with the designated area was 
determined using NIH J image software. (C) Phase-contrast micrograph of a representative area, 
taken before experimental treatment was begun. When the same area was relocated after 5 days 
of treatment with PD 98059, (D) the axonal network had become much denser and new 
processes had appeared. Circle represents the defined area inside which axons were serially 
traced; Dark lines indicate alignment reference points for repeated placement of saved circle 
template. (B) Total axonal length (15 areas). 

Figure 9. FGF inhibits BMP-7-induced dendritic growth. 
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Sympathetic nexirons were cultured in the control media containing 10 ng/ml of NGF to maintain 
cell survival. After elimination of non-neuronal cells, neurons v^ere exposed to BMP7 (5 ng/ml) 
with or without FGF (100 ng/ml). On day 5, cellular morphology (N > 60 cells) was assessed by 
immunostaining using mAb to MAP2. * p < 0.05 vs BMP-7. 

Figure 10. Inhibition of MEKl increases the nuclear accumulation of Smad-1. 

Sympathetic neurons were cultured under control conditions (A, B) or in the presence of a 
maximally effective dose of BMP-7 (100 ng/ml; C, D) for 2 hr. Li addition, cultures were treated 
with BMP-7 at a concentration (10 ng/ml) close to ED50 in the presence (G, H) or absence of PD 
98059 (E, F). PD 98059 (10 |xM) was added 30 min before BMP-7 was maintained in the 
medium thereafter. Cells were immimostained with an antibody that reacts with Smad-1 and 
optical sections (1 ixm) were obtained with a Bio-Rad confocal microscope. Phase-contrast (A, 
C, E, G) and fluorescence (B, D, F, H) micrographs. 
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RscArtt obMTvation* have auggaatad that tha dandrltlc ar- 
bora of aympathatic gan^lton calla may ba ragulatad tiy In- 
taractlona with thair parfpharai targata (Voyvodic, 19i7a! 
Yawo, 1967). In ordarto aaaaaa a potantlal machanlani for 
auch Intaractlona* I h«va Invaatigatad tha affacta of tha tar^ 
gat-darWad trophic moiacura for sympathatlc gangHon calla 
on tha davalopmant of dandrttaa In tha rat tuparlor carvical 
ganglion. Syatamic traatmant of naonatal animala with NQF 
ff r 1 or 2 waoka raaulta in a atrliiing axpanakm or ganglion 
call dandrtde arbora, as rovaalad by intracaliular ataining 
with HHP. During thia parlod, naurona in traatad animaia ax- 
tand naw primary dandritaa, and tha langth and branching 
of axlating dandrttaa aro Incraaaad comparad to aga-matchad 
contrpla. Thaaa raautta aupport tha Idaa that targata may 
ragulata ganglion call arboia via alaboradon of NQF, and 
auggaal an explanation for tha conflation batwaan animal 
alza nd dandrtdc complaxlty notod In aavanil racent ttudlea 
(PurvaaandUchtman, 19a5a;6nldar, 1987; Vayvodle, 1987a). 

Because the majority of synapses in the mazkimalian nervous 
system are found on dendrites, the regulatioa of dendritic arbors 
is of criticftl importance to neural organization. To some degr^, 
dendritic arbora appear to be specified at carty developmental 
stages by intrinsic genetic mechanisms (Banker and Cowan, 1 979; 
Kricgstcin and Dichtcr, 19«3; Hooia and Hume. 1986). Howl 
ever, arlK>rs are also influenced by extrinsic &ctors, particulariy 
neural connections (Grant 1968; Sumner and Watfion 1971- 
Bcnes et al,, 1977; Parks, 1981; Deitch and Rubel, 1984). In 
the case of sympathetic gangha, where both aflferenl and efferent 
projections arc accessible and easily interrupted, the advent of 
uitracellular staining has allowed a detailed examination of the 
mfhience of neural connections on dendritic arborization. Swh 
studies have revealed that gangUon cell arbors arc not appre- 
ciably influenced by afferent fibers, either during development 
or m maturity (McLachlan, 1974; Smolen and Beaston-Wim- 
nier, 1986; Voyvodic, 1987a). On the other hand, arbors retract 
after axotomy and re-expand in association with reinnervation 
of targets (iWes, 1 975; Yawo, 1987). These findings have sug- 
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gested that dendritic arbors of synipathetic gaxiglion cells are 
primarily dependent on e£fercnt connectioDa^ and thus may be 
regulated by interactions with their peripheral tarseta (Voyvob 
die, 1987a; Yawo, 1987). Further support for a tmget-derived 
influence on the arborization of sympathetic neurons has come 
from experiments showing a correlation between arbor com- 
plexity and ur»et size during development (Voyvodic, 1987a), 
across species (Purves and lichtman, 1 985a; Purves et al„ 1 986; 
see also Snider, 1987), and after experimentally indticed changes 
(Voyvodic, 1987b), 

Neuronal interactions with targets are thought to be mediated 
by the uptake and retrograde transport of neurotrophic mole- 
cules (Ham^ 1 974; Purves and lichtman^ 1 98Sb). That trophic 
molecules might affect dendritic arl»orization U suggested by the 
striking propensity of the prototype of these molecules, NGF, 
to promote neurite outgrowth from susceptible neurons in vivo 
and in vitro (for reviews, see Levi-Montalcbii and Angeletti. 
1968; Thoenen and Barde, 1980), Previous investigations have 
established that adminiatration ofNGPto developing urtamTn ni^t 
leads to profuse trranching of the axons of sympathetic gangiinn 
cells and expansion of their terminal afborueations in the pe^ 
riphcry (Levi-Montaldni and Cohen, 1956; Olson, 1967; Levi- 
Montaleim and Angeletti, 1 968). However, the infliumc^ of NGF 
On dendritic arbors has not been studied in a systematic manner. 
the purpose of the present study, thercfoiv, was to ask whether 
administration of NGF affects dendritic arbors hi a manner 
consistent with the idea that this molecule may ivgulate den- 
dritic development in sympathetic gungiia . 

Muterfal* mnd Method* 

NGF WBS administered daily to newbom Sprague-Da^dey mts beginnuu 
on poftnatal day 1 or 2. Purified fi subunit of mouse NOP (kindly 
provided by E. M. John son. Jr. ami P. Osbofne) was dissolved in tahne 
and injected mbciitaneously in a do«ii|e of 5 mg/kg. A similar dese is 
known to increase sympathetic ganglion cell tUe and enhance syntbesi* 
of transmitter enseymes (Thoenoi et aL, 1971). Animals were tieated 
for either 7 or 14 d and compared with control* at these same 

For intraceUular staining, the superior oerviealgan^ were removed 
^nd pinned in a chamber snperflued with an oxygsBated mammalian 
valine. Neuxmis were impaled with triangular tflass otoctrodes (Olsss Ca 
of America) filled with a 4% sohidon of HRP (Sigma, type 6). llie HRP 
was introduced into the cell by iontophoresis and the reaction product 
was visualized by the pyrocatecbol-phenyienediamine m^ 
et at, 1977; for details, see Purves and Home, 1981; Foitband and 
Purves, 1984). StqjUM neurons were viewed at 300k in i^ide-mouat 
preparations (Fig. t) and tcaocd with the aid of a camera hic^ Deft- 
dritic and axonal prpcesses were distingoiriied using established criteria 
(Purves and Hume, 1981). I>cndrite8 bad numerous short processes 
arising from the main shaft and blanched into secondary and tertiary 
segments relatively cfcMC to the eenmna(Bg. 1). The axon was roadily 
identified m a smooth, thick prooess that usually could bo followed for 
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Figure /. Photomicrographs of lepTcaaitativc superior cervical gaDia^oo cells stained ivith HRP and viewed in gEnglioa whole-mouAts. A, Keunm 
from a control amnmi 2 weeks old, Thift cell had 8 piimary dendrites and a total dendritic length of 919 ion, B, Neuron from an animal treated 
for 2 weeks with NGF. This cell bad i% primary dendrites and total dendritic length of 2328 Mm- C, High^wer view of representative dendritic 
processes. Note branching near the soma {bottom righij and irregularities along the shafts. A Hi^-power view of a repre«cotative axon in an 
animal treated wjth NGF. The axon smfacc is smooth and one fine branch is elaborated. Such axon branches an not seen in oontroU. 



at least several hundred microns and (leque^tXy could be seen exiting 
the ganglion via a postganglionic nerve. In cQotrol ganglia, neurons 
invariably posaewed a single axon, whereas a few cells in the NGF 
groups had 2. Also in ibjc NOF group, axons frequently (approximately 
50%) elaborated branches within the ganglion, a featuxe not seen in 
conUx>Is (Fig. I). Occasional processes in treated animals could not t>e 
clearly categorized and were not included in the c^uwtitative analysis. 

The BihOft of each neuron was assessed by 4 measures of dendritic 
complexity. The number of primary dendrites was determined by view- 
ing the cells at 480x in multiple focal planes. A primary dendrite was 
defined n& any process extending firom the soma a distance greater than 
the cell dinmeter. Toul dendritic lengths were measured Crom the cam- 
era hidda tracings with the aid of a digitizing tablet and a general purpose 
program for neural imaging (Voyvodic, 1 986). The radius of a circle 
incorporating the entire arbor was measured as an indicator of process 



length. Finally^ the extent of branching was determined by counting the 
number of branches cro$aing a 50% circle (SchoD, t953X 

All weU-9tsiined neurons were analyzied. At 1 week, 4 7 neufDfis fitun 
6 ganglia ip NOF-treated animals were compared with 39 neurons in 
1 0 ganglia from controls. Morirfiologic data on some oeUa in the 1 week 
control group are from a previous study ($nider» 1986). At 2 weeks. 43 
cells in 6 ganglia from NQF-treated animals were compared with 36 
cells in 8 ganglia from controU. 

Rttftuit* 

The dendritic arbors of «ytni>atheUc ganglion cells are quitft 
rudimentary In neonatgl animals (Fig. 2; see also Snider, 1986; 
Voyvodic, 19S7a). At 1 week of age^ the tnean total d^dritic 
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A. ONE WEEK NGF 





B. TWO WEEKS NGF 




Figure i. Effbct» of cUily admiiustration of NOF on dendritic arbon of sympathetic ^giion cells. The scale is the sftine ^ Figure 2. /l One wtck 
of treatmeat. B, Two ^veel^ q{ treatment Npufods were arranged in order of increanng total deodritic lensxh, and every seventh neuron Aelectcd. 
Neurona 2 and 3 in >4 &v4 4 and 6 in f exhibit axonal branches. Neuron 2 in B has a process (exitiiig to leit) that could not be cleariy dauUled. 
Such processes were not ii^dvded in the calculation of total dendritic length. 



lerxgth in the superior cervical ganglion is only about one-third 
that of young adults (see Table 1). Ganglion cell arbors expand 
rapidly in the first few weeks after birth* Thus» almost 200 A»m 
of dendritic lex^th is added between postnatal weeks 1 and 2 
(Table 1 ). Measures of process length and branching incre^w in 
parallel with increases in total dendritic length during this pe« 



nod. However^ one important component of arbor geometry, 
the number of primary dendrites, does not diange during normal 
postnatal development (Fig. 2; Table 1). This finding raises the 
possibility that various aspects of dendritic growth may be dif- 
ferentially regulated (see below; see also Voyvodic, 1987a). 
Administration of NGF had a pronounced effect on dendritic 



Figure 2. Normal development of sympatheUc ganglion over the first 8 weeks of Hfb. For A-C, camera lucida drawings were arran^ in 
order of incrwing total dendritic length and every sixth (4) or fijEtb (Jff) neuron was selected. (C is fifom Snider, and is shown for purposes 
of compariBon widi neurons from the animals treated with NOF for 2 weeks.) 



2932 Sowar • NQF f»romoteB D«n<Jl1ttd ArtiortMtton 



56 

50 

45- 

40- 

35- 

50- 

2& 

20 

19 

10 

o 

55- 
50 - 
43 
40 
33 
>0- 
25 
20 
15 
lO 

5- 

o 



CONTROL 
One 









NGF 








Onm ^HMk 























CONTROL 
Two weeks 



Figure 4, Hiitogram^ of dendritic 
lengths of contro) (i^) and NGF-ticat- 
cd {right) animAlft. There is consider- 
able variability in both the trratment 
and control groups. 



arborization (Fig. 1 ; cf. Figs. 2, 3). After just 1 week of treatment, 
there were highly significant increases in crocess length, extent 
of branching, and total dendritic length (Table 1, Fig, 4). After 
t week»f the mean totai dendritic length of ganglion cells in 
treated anitnals was more than twice that of control neurons 
(1 885 nm compared to 779 /mi) and similar to neurons in young 
adults 8 weeks of age. Since rat superior cervical ganglion cells 
have a mean total dendritic length of 287 ^ on the day of birth 
(V yvodic, 1987a), these data indicate that neurons in NGF- 
treated animals extend dendrites at about 3 times the rate of 
controls over the 2 week period. Interestingly, neurons appeared 
to be at least as responsive during the second week of treatment 
as during the first. 

In addidon to its effects on other measures of complexity, 
treaitment with NGF ted to a large increase in the number of 
primary dendrites (cf. Figs. 2, 3; Table 1), In controls, gangUon 
cells had a mean of about 7 primary dendrites at 1 and 2 weeks, 
with 13 being the maximum elaborated by any neuron. In con- 
trast, treated neurons at 1 week had a mean of almost 9 primary 
dendrites. After 2 weeks of NGF administration, neurons had 
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a mean of 13 primary dendrites, with some neurons possesung 
more than 20. This increase in the number of primary dendrites 
caused ganglion cells in treated animals to look Quite dliiemnt 
from cells of equivalent total dendritic length in control ftTiiTi mig 
8 weeks of age (cf. Figs. 2, 3). 

Finally, as has been apparent from the eariiest days of work 
with this molecule, NGF has a remarkable effect on the size of 
sympathetic ganglion cell bodies (cf. Figs, 2, 3; Table 1). After 
1 week of treatment* soma diameter was increased by almost 
25% compared to controls. After 2 weeks, soma diameter in 
treated aninjals was 30% more than in 2-week'Old controls and 
20% nxorc than in young adult animals. 

The results described here demonstrate that exogenous NGF 
enhances the dendritic arborization of developing sympathetic 
ganglion cells. Neurons in treated animals had more primary 
processes than controls, and the length and nmification of denh 
drites were increased substantially. Significant eftects were noted 
after Just 1 week of treatment. After 2 weeks, the overall corn- 



Table 1. Mdn*ologlc»Jcliar*tterfatlc»C(r»aperterc^^ 





Soma diameter 


Primary dendrites 








Mean 


Range 


X week control 


26.0 ± 4.9 


7.0 ± 2.7 


1-13 


2 week control 


29.2 ± 6.0 


6.9 ± 2.1 


4-13 


Young adult 


31.3 ± 5.7 


7.7 ± 2,6 


5-15 ' 


1 week NOF 


32,1 ±4.0 


8.7 ± 3.4 


4-15 


2 we«kNGF 


38.3 ± 7,0 


13.3 ± 4A 


5-23 



Total dendritic 
lengtb 



Maximum extent Branches 
of dendritic croning 
arbor (Mn) 50%Gifele 



589 * 313 
779 ± 288 

1655 ± 635 
948 ± 307 

1885 =t: 652 



78 ± 32 
99 ±31 

125 ± 43 
91 dt 21 

118 ± 32 



6.4 ± 2.7 
8.0 ± 2.8 
9.9 :k 4.0 
ll.l ± <Q 
19.6 ± 9.2 



All values exupft natfp of primuy dendhtes arc ^vcn i 
tad majumom cxtcot of dendiitic wbor bclw e ea Ute 1 
betweca the 2 week oontrol ami NGF group* wu signi 
0.001). V4lun tar youes adult am firom Snidef (1986). 



mcaiu ± SDft. Rcnilti wtre analyzed usi^a Student's I test. The diiftfeaces in numbctr of primary dmdfHeft 
wfsek control and NOF pmqw wetc npuficant et ^ < 0.01. Tbe diflcnmce in fruudniuin flatenl of tbe arbor 
atp < 0,005. All oUmt difibienoea between oontpot end NGF groupe were lii|]iJy •ignificmnt (at kut p < 
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plexity of treattd neurons was more than twice that of controls 
aad similar to the total extent of ganglion cell dendrites in an- 
imals 8 weeks of age. 

In comparing the dendritic growth induced by NGF to the 
growth of arbors that occurs during normal development, im- 
portant similarities and diflfercnces arc apparent. Normally, the 
number of primary dendrites is set by the first postnatal wedc, 
and arborization proceeds by increases in length and branching 
of existing processes (see also Snider, 1986; Voyvodic, 1987a). 
A posssible explanatJioA for this pattern of arborization is that 
sympathetic neurons either cannot respond to target-derived 
factors by generating new primary processes or respond in this 
way only during embryonic life. My results make this idea un- 
likely. Ex genous NGF promotes the growth and branching of 
existing dendrites, as occurs during normal postixaUU develop- 
ment. In addition^ neurons extend new primary processes imder 
the influence of NGF even in the postnatal period. This ability 
to change nonnal geometry also indicates that NGF does more 
than simply accelerate a preexisting developmental program. 

My results imply that arbors of sympathetic ganghon cells 
may be influenced by target-derived NQF during normal de- 
velopment. Although it is not known how NGF acts after sys- 
temic administration, it is likely that it mimics the effects of 
target-derived factor. Previous investigations have established 
that exogenous NOF can prevent naturally occurring cell death 
(like a supernumerary target) and maintain ganglion cells after 
separation from their targets by axotomy (Hendry and Camp- 
bell, 1976; Hambuiger and Yip, 1984; Yip etal-, 1984). Systemic 
NGF may exert additional effects, however, by local action on 
neurites in the ganglion (see Campenot, 1977, 1982a, b). 

The demonstration that dendritic arbors of autonomic gan- 
glion cells are iniluenccd by trophic molecules may provide an 
explanation for correlations between arbor complexity and tar- 
get size noted in recent investigations. The dendritic complexity 
of rat superior cervical ganglion cells increases in parallel with 
increasing body weight (and target size) for much of the life of 
the animal— far beyond the time normally considered to be the 
period of development (Voyvodic, 1987a). Ftuthermore, ex- 
perimental inoreases and decreases in the amount of target tissue 
innervated by individual ganglion cells during development lead 
to corresponding changes in their dendritic complexity (Voy- 
vodic, 1 987b). Finally, the dendritic arbors of homologous auto- 
nomic ganglion cells in closely related species of differing size 
exhibit systematic differences in length and complexity that are 
cofirelat^ with body weight (Purves and Lichtman, 1985a; 
Purvcs ct al., 1986; Snider, 1987). As the amount of trophic 
&ctor produced by a target organ presumably beaiv some re- 
lationship to its size, the ability of NGF to influence aibors 
provides a plausible link between the dendritic complexity of 
innervating netirons and the size of peripheral taigets. 

These results may also have an important implication for the 
rganization of peripheral motor systems. Experiments that have 
examined the morphology and innervation of autonomic gan- 
glion cells have shown that the mmiber of innervating axons 
(preganglionic convergence) is closely matched to dendritic 
complexity in maturity (Purves and Hume, 1981; Purves and 
lichtnum, 1985a; Snider, 1987). Factors that regulate the mor- 
phology of ganglion cells will therefore have a significant influ- 
ence on their pattern of innervation. Although the effects of 
NGF on preganglionic convergence have not yet been studied, 
on the basis of the present results, NGF might be expected to 
influence the numt>er f inputs t sympathetic neurons. In sitp- 



port of this suggestion, NGF administered to neonatal rats re- 
sults in an increase in th number of axons in the cervical sym- 
pathetic trunk and in the density of synaptic boutons in the 
superior cervical ganglion (Sch&fcr et al., 1983). Thus» both the 
morphology innervation of sympathetic ganglion cells may 
be matched to the size of their peripheral targets via the uptake 
of NGF. 
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Summary 

Sympathetic neurons from perinatal rat pups extend 
only a single axon when maintained in culture In the 
absence of glla and serum. Exposure to recombinant 
osteogenic protein-1 (OP-1) selectively Induces the 
formation of dendrites that correctly segregate and 
modify cytoskeletal and membrane proteins cmd form 
synaptic contacts of appropriate polarity. OP-1 re- 
quires nerve growth factor (NGF) as a eofactor, and, 
In the presence of optimal concentrations of NGF, OP- 
1 -Induced dendritic growth from cultured perinatal 
neurons is comparable to that observed in sttu. Sym- 
pathetic neuroblasts that had not formed dendrites In 
situ also responded to OP-1 in culture, Indicating that 
OP-1 can cause de novo forinatlon as well as regenera- 
tion of dendrites. These data Imply that specific sig- 
nals can regulate the development of neuronal shape 
and polarity. 

Introduction 

Dendrites are the primary siie of synapse formation in the 
vertebrate nen^ous system, and neurons that lack der»- 
drites typically recefve fewer synaptic inputs than cells 
with complex dendritic arbors (Purves, 1988). Therefore, 
to understand how the number of afferent synapses is 
determined, it fs necessary to identify the molecules that 
regulate the growth of dendrites. 

Dendritic growth can be considered to occur in two 
phases: initial extension followed by elongation and ramifi- 
cation. Many molecules, including neurotransmitters, hor- 
mones, and neurotrophic factors, have been shown to 
modulate the expansion of the dendritic arbor (Kelly, 1 988; 
Mattson. 1988; Snider, 1988). Less is known about the 
factors that cause a neuron initially to form dendrites. Hip- 
pocampal neurons generate sut>stantial dendritic arbors 
when they are cultured in the absence of their targets, of 
n rmal aff rent input, and of contact with either glla or 
other hippocampal neurons (Dolti et al, 1988). These data 
suggest that, in certain classes of neurons, initial dendritic 
sprouting occurs as part of an intrinsic dev I pmental pro- 



gram and that execution of this program is relatively inde- 
pendent of trophic interactions. However, the initial stages 
of dendritic growth appear to be regulated differently in 
other classes of neurons. For example, rat sympathetic 
neurons fail to form dendrites and extend only axons when 
they are cultured fn the absence of nonneuronal ceils. 
In contrast, coculture with Schwann cells or astrocytes 
causes these neurons also to form dendritic processes 
and eventually to generate an artx)r that is comparable in 
size to that observed in situ (Tropea et al.. 1988; Johnson 
et al., 1989). Since this change in cell shape is not ob- 
served with fibroblasts or heart cells, it would appear that 
specific trophic interactions are required to allow sympa- 
thetic neurons to form dendrites. 

Trophic regulation of the initial stages of dendritic growth 
has also been observed in cultures of mesencephalic, stri- 
atal, cerebral cortical, and preganglionic sympathetic 
neurons {Denis-Donlni et a!.. 1984: Chamak et al., 1987; 
Clendening and Hume, 1990; Le Roux and Reh, 1994). 
suggesting that it may be a fairly common mechanism 
for determining neuronal shape. However, tittle is known 
about the molecules that cause neurons to form dendrites. 
Indeed, the only trophic factor that has been clearly Impli- 
cated In the regulation of the initial stages of dendritic 
growth is nerve growth factor (NGF). This growth factor 
causes a subpopulation of nodose neurons to form den- 
drites In culture (de KonJnck et al., 1993). Because these 
neurons lack dendrites in situ, the physiological signifi- 
cance of this effect Is unclear. The observation is, how- 
ever, consistent with the idea that there are trophic inter- 
actions that cause cells to form dendrites. NGF also 
enhances dendritic growth in sympathetic neurons when 
injected in situ (Snider, 1988). However, by itself, NGF 
does not support dendritic growth in cultures of sympa- 
thetic neurons (Bruokensteln and Higgins. 1988). It would 
therefore appear that there must be other molecules that 
regulate the morphological development of neurons. 

OP-1 , which is also known as bone morphogenetic pro- 
tein-7 (8MP-7), Is a member of the BMP/OP subfamily 
of the transforming growth factor p (TQFp) superfamify 
(Sampath et al.. 1992; Sampath and Rueger, 1994). Other 
members of this family Include OP-2 (Ozkaynak et al., 
1992) and BMP-2 through BMP-6 (Wozney. 1993). Many 
of these proteins were discovered using assays that mea- 
sured de novo bone growth in vivo. However, there are 
indications that members of this subfamily also play a role 
In neural devekjpment. For example, mRNAs for OP-1, 
BMP-2. BMP-3. BMP-4, and BMP-5 have been detected 
in at least one region of the brain (Jones et al.. 1991; 
Ozkaynak et al., 1992; Wozney, 1993), and Immunocyto- 
chemicEd studies indicate that BMP-6 is prominently ex- 
pressed in most stoictures of the embryonic peripheral 
nervous system (Wall et al., 1993). Other studies indicate 
that OP*1 increases expr ssion of th adr n rgic pheno- 
type in neural crest cells (Variey et al.. 1 995) and regulates 
expression of L1 and neural cell adhesion molecule In a 
neural cell line (Perides t al. , 1 993), whereas BMP-2 and 
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BMP-6 affect the neurotransmitter phenotype of sympa- 
thetic neurons (Fann and Patt rson, 1994). M reover, a 
recently discov red member of the BMP/OP subfamily, 
dorsalin, was cloned from a spinal cord cDNA library and 
subsequently found to affect the differentiation of both 
neural crest cells and motor neurons (Basler el al., 1993). 

This study examines the effects of OP-1 on perinatal 
rat sympathetic neurons. Our data indicate that OP-1 spe- 
cifically Induces dendritic growth in these cells, that H re- 
quires NGF as a cof actor, and that simultaneous exposure 
to both of these trophic factors causes the rate of expan- 
sion of the dendritic arbor in vitro to exceed that normally 
observed in situ. These observations suggest that, in addi- 
tion to Icnown trophic Interactions that affect the survival 
and neurotransmitter phenotype of sympathetic neurons 
(Thoenen and Barde, 1980; Patterson and Landis. 1992). 
there may be others that specifically regulate their mor- 
phological development. 

Results 

OP-1 Induces Dendritic Growth 
in sympathetic Neurons 

Sympathetic neurons were dissociated from the superior 
cen/ical ganglia of perinatal rats. They were then plated 
onto polyiysine-coaled coversiips and maintained In a se- 
rum-free medium that contained ISJGF. Nonneuronal cells 
were eliminated by treatment with an antimitotic agent on 
days 2 and 3. One to 2 days were then allowed for recovery 
before beginning experimental treatments on day 5 or 6. 
Cellular morphology was initially assessed by intracellular 
dye injection. 

Under control conditions, sympathetic neurons typically 
extend a single process during the first 24-48 hr in vitro. 
Previous studies have shown that this process has the 
cytosl^eletal and ultrastructural characteristics of an axon 
(Tropea et al., 1988; Leln and Higgins, 1989). The axon 
continues to elongate during the next few weeks and gen- 
erates an elaborate plexus (Figure 1). However, the basic 
morphology of the cells remains essentially unchanged 
(Figure 2)» with 80% of the neurons still being unipolar 
after 1 month. Most of the remaining population had either 
2 axons (13% of the cells) or an axon and a short dendrite 
(7%). Thus, the mean number of processes at this time 
was 1.13 :t 0.06 (n = 30) axons/cell and 0.07 ± 0.04 
dendrites/cell. 

Exposure to recombinant human OP-1 caused sympa- 
thetic neurons to form additional processes (see Rgure 

1 ) . The response was relatively slow, with only 42% o1 the 
cells forming a second process within 24 hr (see Figure 

2) . However, virtually all cells responded to maximally ef- 
fective concentrations within 3 days. The processes that 



Figure 1 , Ettecls of OP-1 on the Morphological Development of Sym- 
pathetic Neurons 

Phase-conirasi (A and C) and fluorescence (B and D) micrographs of 
neurons injected with LucHer yellow during the third week In vitro. 
Neurons in control cultures (A and B) typically had onty 1 process, a 



long axon. Neurons exposed to OP-1 (C and D) wer e multipolar, having 
several tapered dendrites and 1 axon. There was a tendency for the 
axons of OP-1-treaied neurons to form small fascicles on polylysine. 
However, this was not obsarved on other substrates, such as laminin, 
which also supported OP-1-»nduced dendritic growth, suggesting that 
it is an epiphenomenon unrelated to the growth of derwlrttes. Bar, 
50 ^im. 
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Figure 2. Time Course of the Response to OP-l 
Sympathetic neurons were maintained in seoim-free medtunn for 4 
days. Beginning on day 5 (arrows), the ntedlum of some cultures was 
continuously supplemented with Qp-i (100 ng/ml). Intracellular dye 
Injections (n > 30 per point) were performed at various times to deter- 
mine: (A) the percentage of cells with dendrites (open symbols» control; 
closed symbols, OP-1); (B) the number of dendrites per call; and (C) 
the nunnber of axons per ceO (circles). Cell number (trfangfas in [C]) 
remained constant during the experiment. Bars (B) represent the SEM; 
where bars are not shown, SEM was smaller than the size of the 
symbol. 

formed in the presence of OP-1 had the appearance of 
dendrites in that they were broad-based (up to 6 nm in 
diameter), exhibited a distinct taper, and branched in a 
"Y*-shaped pattern, v^th daughter processes being signifi- 
cantly smaller than the parent process (see Figure 1 ). Den- 
drites were much thicker than axons, and unlike axons, 
they ended locally, usually extending less than 300 nm 
from the soma. The number of dendrites per cell continued 
to increase during a 4 week exposure to OP-1 , with most 
of the change occurring during the first 1 0 days of treat- 
ment (see Figure 2). After 4 weeks, OP-1 -treated neurons 
had a mean of 7.3 ± 0.3 (n = 30)dendrltes/oell,repr sent- 
ing an increase of - 100-fold over control cells- 
Exposure to OP-1 did not cause an Increase in th num- 
ber of ax ns per c II when it was tested in the d layed 



introducUon paradigm used in the experiment shown in 
Rgure 2. We also examined the effects of OP-1 n inrtial 
axon growth during the first 48 hr rn culture. Neither the 
rate at whksh axons were initialfy extended nor the mean 
number of axons per cert was affected {data not shown) 
It therefore appears that OP-1 affects sympathetic neu^ 
rons in a process-specific manner. 

Cell number also remained constant during the expo- 
sure toOP-1 (see Rgure 2). indicating that it was not acting 
by enhancing the survisrat of a subpopulatlon of neurons. 
However, the somata of neurons treated with OP-1 were 
larger than those of control cells (see Figure 1 ), The signifi- 
cance of this change is unclear, but since somatic hyper- 
trophy is also associated with sympathetic dendritic 
growth in situ (Voyvodic. 1987). it could simply reftect the 
added synthetic capacity needed to sustain the growth of 
additional processes. 

Properties of Dendrites Formed In the Presence 
of OP-1 

When cultures exposed to OP-1 were immunostalned with 
a monoclonal antibody (MAb) to microtubule-associated 
protein-2 (MAP2). immunoreactivity was observed in the 
somata and dendritic processes, but not in the thinner 
axons (Rgure 3). Moreover, the mean number and aver- 
age length of the MAP2-positive processes conesponded 
closely (within 1 0%) to the values obtained from dye injec- 
tions, suggesting that all dendrites were stair>ed in their 
entirety. A similar staining pattem was ot>served with 
MAbs to nonphosphorylated neurofilaments (Rgure 3) and 
to the transferrin receptor (data not shown). In contrast. 
MAbs to tau (Rgure 3), synaptophysin. or phosphorylated 
forms of the H or the M and H neurofilament subunlts (data 
not shown) selectively stained the thin axons, with little or 
no immunoreactivity observed in the dendrites. 

When cultures treated with OP-1 were examined in the 
electron microscope, tapered dendrites were frequently 
ot>served emanating from neural somata. The dendritic 
cytoplasm was continuous with that of the soma, and proxi- 
mal dendrites contained both polyrit>osomes and occa- 
sional short segments of rough endoplasmic reticulum. 
Potyritjosomes were also observed in more distal den- 
drites at distances greater than 100 ^m from the soma 
but were not observed in axons. In contrast, synaptic vesi- 
cles were seen only In axons. Dendrites were typically 
smoothly contoured and lacked the splnelike protrusions 
observed on some sympathetic neurons in situ (Matthews. 
1983). However, the synaptic contacts that were found 
along dendrites had an appropriate polarity; both presyn- 
aptic axonal accumulations of vesicles and postsynaptic 
densities were observed. 

Concentration-Effect Relationship and 
Comparison of OP-1 with Other Growth Factors 

The effects of OP*1 were concentration dependent (Rgure 
4A). Maximal dendritic growth was obtained with concen- 
trations between 30 and 100 ng/ml. and half-maximal ef- 
fects were observed at -2 ng/ml. However, significant 
changes in dendritic growth could t»e detected with con- 
centrations as low as 300 pg/ml. These data suggested 
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Rgure 3. Cytochemical Characteristics of Processes Formed In the Presence of OP-1 

Phase^nlrast (A) and fluorescence (6) micrographs of a neuron that was exposed to OP'1 for 18 days before being immunostained with a MAh 
(API 3) to MAP2. Immunoreactivity was otiserved primarily in the soma and dendrites, although there was occasional labeling of an axon (B, lower 
right). A similar staining pattern (C) was observed in cultures reacted with a MAb (SMI-32) to nonphosphorylated forms of the M and H neurofilament 
subunils (21 day exposure to OP-l). In contrast, prominent axonat labeling was observed In cultures reacted with a MAb to tau protein (D); an 
enlargement is shown in (E). Label was also observed in the region of the cell body and dendrites^ but confocat microscopy (1 ]im optical sections) 
revealed that It was primarily associated with axons coursing over the surface of these stmctu res (E). Bars. 50 jxm (B and C>. 



a specific effect of the recombinant protein upon neurons, 
and this was confirmed by antibody blocking experiments. 
MAl>s 131 2 and 12G3 have previously been shown (Vuki- 
cevic et al.» 1994) to react with OP-1 but not with closely 
related molecules, such as BMP-2 and BMP-4. When 
added to the medium at a concentration of 5 iLQtmU MAbs 
1 81 2 and 1 203 inhibited OP-1 -induced (2 ng/ml) dendritic 
growth by 71% and 100%, respectively. 

Since OP-1 belongs to the TGFp superfamily, its actions 
were compared with those of other family members. Den- 
dritic growth was not observed in the presence of TGFpi , 
TGFp2, TGFp3, activin A, inhibin, or glia-derived neuro- 
trophic factor (all tested at 100 ng/ml). Negative results 
were also obtained with similar concentrations of mem- 
bers off the neurotrophin (NT) family (NTS, NT4, and brain- 
derh^ed neurotrophic factor), basic fibroblast growth fac- 
tor, pidermal growth factor, ciliary neurotrophic factor, 
leukemia inhibrtory factor, hepatocyte growth factor, gran- 
ulocyt /macrophage colony-stimulating factor, r Inter- 
feron, platelet-derived growth factor, TGFa, vascular en- 



dothelial growth factor, and interleukln-lp, -2, -3, -4. -6, 
-7, and -8. These data suggest that the dondrito-promoting 
effect of OP-1 is a specific response that is not obsenred 
with most of the other growth factors known to affect 
neurons. \ 

Effects of NGF on OP-1 -Induced Dendritic Growth 

NGF regulates the growth of sympathetic dendrites in situ 
(Snider, 1988), bul dendritic growth was not observed in 
our control medium, which contained high levels of NGF. 
We therefore considered the hypothesis that NGF func- 
tions as a modulator rather than an inducer of dendritic 
growth. Neurons were exposed to a maximally effective 
concentration of OP-1 while the amount^of NGF was var- 
ied. As the concentration of NGF was decreased from 1 00 
to 0.3 ng/ml (Figure 4B), there was a concentration- 
depend nt d crease in the numb r of d ndrites per cell 
and in the percentage of ceils with dendrit s. Cell number 
d creased over this same concentration range, and the 
half-maximal concentration for cell survival differ d less 
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Pigure 4. Effects of Varying Concentrations of OP-1 and NGF on Den- 
dritic Growth 

(A) Sympathetic neurons were exposed to varying concentrations of 
0P~1 for 3 days and then immunostained with a dendrite-speclfic anti- 
body (SMI-32) to determrne the percentage of celts with dendrites 
(open circtes} and the number of dendrites per cell (cipsed circles). 
Data are expressed as a percentage oi the maximum value obtained 
in the presence of 100 ng/ml OP-1 (100% of the cells with dendrites; 
3.96 ± 0.32 dendrites/cell). 

(B) Neurons were grown (n madia cont^ning varying concentrations of 
NGF. Beginning on day 5. they were treated with a maximally effective 
concentration (100 ng/ml) of OP-1 . One week later, they were Immuno- 
stained to determine the percentage of cells with dendrites (triangles; 
maximum value. 97%), the number of dendrites per cell (closed circles; 
maximum value, 4.7 ± 0.3), and the number of neurons sunrfving per 
culture (open circles: maximum value, 2808 a 267). 



than 24old f roin that for either the percentage of cells with 
dendrites or the number of dendrites. These data suggest 
that NGF is a necessary cofactor for OP-1 -induced den- 
dritic growth and that the amount of dendritic growth that 
occurs is critically dependent on the trophic state of the 
cell. 

A separate experiment directly examined the acute ef- 
fects of OP-1 on neuronal survival in the presence and 
absence of NGF, In control medium containing NGF (100 
ng/ml), 63% of the neurons plated survived for 48 hr under 
our low density culture conditions (9455 ± MS neurons/ 
22 mm well). A similar number (9641 ± 686 neurons/well) 
survived in the presence of both NGF and OP-1 (50 ng/ 
ml). In the absence off NGF, few neurons (62 ± 25 neu- 
rons/weJI) survived, and this number was not slgnflcantly 
increased in the presence of OP-1 (93 ± 74 neurons/weli). 
Similar results were obtained wHh cultures of neurons from 
2-day-old pups (data not shown). In addition, OP-1 did not 
potential th effectsofsubmaximal concentrations (0.1- 



30 ng/ml) of NGF on survival. Thus, the effects of OP-1 
are distinct from those of NGF, in that the former does 
not support neuronal survh^al. 

Comparison of Dendritic Growth In Vitro and In Situ 
To assess the potential Importance of OP-1 as a regulatory 
molecule, we compared the amount of dendritic growth 
that occurs In vitro with that which normally occurs during 
a comparable period in situ (Table 1). For the fomner, we 
used cultures that had been exposed to optimal concentra- 
tions of OP-1 and NGF for 2 weeks. For the latter, we used 
published data(Snlder, 1 968) describing the dendritic mor- 
phology of superior cen^cal ganglion neurons in 2-week- 
old rat pups. Cells exposed to OP-1 in vitro were at least 
as complex as their counterparts in situ. They had about 
the same number of dendrites as cells In situ, but the 
length of their dendritic artxir was 38% greater. The in- 
crease in the size of the dendritic arbor in vitro seemed 
to be due primarily to increases in the radial length of 
dendrites because there was no detectable change in the 
amount off branching, as assessed by the method of Scholl 
(1953). Since these experiments were performed in a se- 
rum-free medium, it appears that a combination of only 
two trophic factors Is a sufficient stimulus to allow the es- 
tablishment of a dendritic art>6r of approximately normal 
dimensions. 

OP-1 Induces Dendritic Growth In Naive Neurons 

Many sympathetic neurons have formed rudimentary den- 
drites by the time of birth. Therefore, the previous experi- 
ments primarily reflect effects of OP-1 on dendritic regen- 
eration. To determine whether OP-1 could also promote 
de novo formation of these processes, we tested its effects 
on sympathetic neurons taken from 14.5 day embryos. At 
this time, there are still many neuroblasts in sympathetic 
ganglia (Hendry, 1977). 

Approximately half of the neurons from control and OP- 
1-treated cultures synthesized DNA (Table 2). Only a small 
subpopulatron of control neurons formed dendrites; in con- 
trast, 95% of the neurons exposed to OP-1 formed such 
processes. Moreover, in OP-1 -treated cultures, the num- 
ber of dendrites per neuron was similar in thymidine- 
labeled and unlabeled cells, suggesting that primitive neu- 
rons just exiting the cell cycle respond to OP-1 about as 
well as more mature postmitotic neurons. OP-1 -treated 
cultures from 14.5 day embryos were examined by immu- 
nocytochemistry, and the pattern of staining was essen- 
tially identical to that observed in cultures from perinatal 
animals: the dendrites were selectively labeled with MAbs 
to MAP2 and nonphosphorytated forms of the M and H 
neurofilament subunits, while axons reacted with antibod- 
ies to tau, synaptophysin, and phosphorylated forms of 
the M and H neurofilament subunits. 

Discussion 

Our data indicate that OP-1 induces the formation of derv 
drites in sympathetic neurons, and that In the presence 
of an optimal concentration of NGF, the dendritic arbor 
expands at a rate at least equivalent to that bserved dur- 
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Table 1. Comparison ol the DendrlUc Arbors Qerwraied by Sympathetic Neurona In Stlu and After a 2 Week Exposure to OP-1 


Parameter 


In Situ- 


In Vitro 


Number of ddndrite«/cell 


6.0 ± 2.1 


7.6 ± 0.4 


Total linear length of dendritic artior {\im) 


770 ± 288 


1078 * 77 


Maximum OKtent of arbor (urn) 


00 ± 31 


171 ± 8 


Number of branches crossing 50% circle 


8.0 ± 2.8 


9.3 ± 0.7 


Soma diameter Oim) 


29.2 ± 6.0 


32.9 ± 0.5 



Cultures of sympathetic neurons were immunoslained wHh MAb SMW2 after a 2 week exposure to OP-1. Data are expressed as the mean ± 
$EM (n » 40), 

• In 6[tu data are from Sni<I*r mj988). Mean a 5D. 



ing the first 2 postnatal weeks in situ. These observations 
suggest the existence of a novel type of trophic influence 
upon sympathetic neurons: one that affects cell shape 
without affecting survival. 

Som neural crest derivatives* such as sensory and 
many parasympathetic neurons* form only axons, whereas 
others, such as sympathetic neurons, also extend den- 
drites. The mechanisms that cause sympathetic neurons 
to diverge in shape have remained obscure. Our data indi- 
cate that sympathetic neurons form only axons when they 
are maintained in the presence of their target-derived sur- 
vival factor. NGF- Since cells grown under these condi- 
tions have previously been shown to have many properties 
expected of sympathetic neurons, such as appropriate 
electriccil properties, receptors, and neurotransmitter phe- 
notyp {Higgins et al.. 1991). it appears that the extension 
of dendrites is not a constitutive part of the program for 
sympathetic differentiation. Rather, it seems to be a sub- 
routin whose expression is differentially regulated. In this 
respect, it is interesting to note that there has been an 
evolutionary change in the morphology of sympathetic 
neurons: amphibian sympathetic neurons are typically uni- 
polar while their mammalian counterparts usually have 
d ndrites (Elfvin* 1983). 

Previous studies of sympathetic neurons suggested that 
the growth requirements of dendrites are more demanding 
than those of axons, with the former requiring molecules 
derived from sera, glia, or basement membranes (Tropea 
et al., 1988; Lein and Higgins, 1989). However, the poorty 
defined nature of these stimuli made it difficult to dlstirv 
guish specific effects on dendrites from nonspecific 



Table 2. OP-1 Induces Dendritic Growth In Sympathetic Neurons 



from 14.5 Day Erhbryos 





Nuclear 


Neurons with 


Dendrites/ 


Condition 


Lat>dl 


Dendrites (%) 


Cell 


Control 


Yes (45%) 


13 


0.22 ± 0.09 




No (55%) 


7 


0.09 ± 0.05 


OP-1 


Yes (52%) 


96 


4.62 ± 0.32 




No (48%) 


94 


4.06 A 0.32 



Sympathetic ganglia from 14.5 day embryos were lat>eled tor 18 hr 
with [Hl]thymidine and then dissociated. After nonneuronal cells had 
been eliminated, some cultures were treated with OP-1 (100 ng/ml) 
for 12 days. Cultures were then immunostalned with MAb SMt-32 and 
processed for autoradiography. Data are expressed as mean ± SEM 



(n > 100). 



changes In the health of neurons. The current data indicate 
that exposure to a recombinant growth factor induces den- 
dritic growth, and that this effect is blocked by MAbs thai 
react with OP-1 but not with other closely related BMPs. 
The effects of OP-1 were observed in cultures grown in 
the absence of nonneuronal cells. Indicating a direct effect 
upon neurons. Moreover, the structural requirements for 
inducing dendritic growth are quite stringent since this 
effect was not observed with 26 other growth factors, in- 
cluding members of the TGFp family. These observations 
strongly suggest that specific trophic interactions can reg- 
ulate the development of neuronal cell shape. 

Most of the sympathetic neurons that were obtained 
from perinatal pups had established rudimentary dendritic 
arbors in situ (Voyvodic, 1987). In contrast, - 50% of the 
neurons tal<en from 1 4.5 day embryos were still synthesiz- 
ing DNA, and the others had just reached the stage where 
they were beginning to form dendrites in situ (Rubin, 1 96^. 
Yet virtually all of the neurons from these two groups 
formed dendrites in the presence of OP-1. These data 
suggest a potential morphogenetic role for OP-1 since it 
not only sustains dendritic regeneration but also promotes 
de novo synthesis in naive neurons. 

The dendrites formed in the presence of OP-1 were ap- 
propriate to sympathetic neurons in their shape, length, 
and number. They also exhibited appropriate functional 
specializations (Craig and Banker. 1 994). Thus, these den- 
drites accumulate and postranslationally modify selected 
cytoskeletal and membrane proteins; exclude axonal pro- 
teins, transport ribosomes, and other types of RNA (un- 
published observations, P. L. and D. H.}; and form synaptic 
contacts of correct polarity. The simplest explanation for 
these phenomena is that OP-1 induces the execution of 
a cellular program that controls both quantitative and quali- 
tative aspects of dendritic growth. Consistent with the no- 
tion of a program Is the recent finding that nodose neurons, 
whteh normally do not form dendrites in situ, appropriately 
segregate cytoskeletal proteins when dendritic growth is 
induced in vitro (de Koninck et al., 1993). However, if this 
is the case, it is important to note that this does not appear 
to be an unrestricted program for dendritic growth, be- 
cause we never saw sympathetic cells with dendritic 
arbors that resembled those of pyramidal or Purklnje cells 
or with welt-developad dendritic spines. 

NGF regulates dendritic development in sympathetic 
neurons in situ (Snider, 1988; Ruit t al., 1990). A similar 
NGF dependence was not d in this study. In fact, in th 
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presence of optimal concentrations of NGF and OP-1, a 
dendritic arbor of normal dimensions was formed. Since 
our experiments were not performed at dona) density, one 
cannot rule out the involvement of intimate celt-cell inter- 
actions, such as those mediated by cell adhesion mole- 
cules, In the development of dendrites in vitro. However, 
since the neurons were grown at low density In the ab- 
sence of nonneuronal cells, the data suggest that the num- 
ber of trophic sutjstances that would have to be provided 
by other cell types, including targets, glia. and pregangli- 
onic fibers, is qurte limited and that It could potentially 
consist of only two molecules. 

The relevance of this model to the regulation of dendritic 
growth in situ Is still unclear. However. OP-1 mRIMA or 
protein has been detected in most adult rat tissues that 
receive a sympathetic innervation, with particularty high 
lev Is being found in the kidney and in association with 
basement membranes (Ozkaynak el aL. 1992; Woznoy. 
1993; Vukicevic et a!.. 1994). OP-1 might therefore func- 
tion as a target-derived factor. Alternatively, the situation 
may be more complex, with local sources of dendrlte- 
promoting molecules also being involved. OP-1 and 
BMP-6 are closely related homologs with greater than 
90% amino acid identity in the cysteine portion of the ma- 
ture protein. Wall et al. (l 993) found that Br^P-6 is present 
in high concentration in most parts of the embryonic pe- 
ripheral nervous system. In addition, Schluesener et al. 
(1995) have reported that adult rat Schwann cells express 
BMP-6. and our preliminary data suggest that their embry- 
onic counterparts synthesize OP-1 (P. L and D. H.). Thus, 
although the current data are limited, they suggest that 
sympathetic neurons may be exposed to dendrite- 
promoting BMPs both during development and in adult- 
hood. 

Trophic factors can affect many aspects of the develop- 
ment of sympathetic neurons, including their survival, 
rates of axonal growth, and neurotransmitter phenotype 
(Patterson and Nawa. 1993). The actions of OP-I are dis- 
tinct from those of NGF (Thoenen and Barde, 1980) and 
NT3 (Birren el al., 1993) because OP-1 does not support 
neuronal survival. The effects of OP-1 are also different 
from those of extracellular matrix molecules such as lami- 
nin and collagen IV, which selectively promote axonat 
elongation (Lein and Higgins. 1989; Lein et al., 1991) and 
which, in some cases, can also cause the formation of 
multiple axons. In contrast* OP-1 did not have detectable 
ffects on either the initial extension of axons or the num- 
ber of axons per cell in long-term culture. The relationship 
t>etween the regulation of neurotransmitter phenotype and 
m rphological development is less clear. Molecules such 
as cholinergic differentiation factor/feukemia inhibitory 
factor and ciliary neurot'ophic factor, which induce cholin- 
ergic function in sympaihelic neurons (Patterson and Lan- 
dis, 1992), failed to promote dendritic growth, suggesting 
these developmental processes can be regulated inde- 
pendently. On the other hand, the recent finding that 
BMP-2 and BMP-6 cause sympathetic neurons to expr ss 
unique profiles of mRNAs for neuropeptides (Fann and 
Patterson. 1994) indicates that th re could also be some 



overtap between the regulation of cell shape and n uro- 
transmitter phenotype. In either case, th data are consra- 
tent with a model in which multiple trophic interactions 
govern the expression of the compifex assemblage of traits 
that comprise th© sympathetic neuronal phenotype (Pat- 
terson and Nawa, 1 993). The data also indicate that mem- 
bers of the BMP/OP family can exert profound and unique 
effects on the development of autonomic neurons. Such 
actions are consistent with their well-established role as 
differentiation factors intitn^r systems, especially mesen- 
chymal tissues (Wozney, 1993). 

Exp«Hmsntat Proeedurea 
Materials 

Mature human recombinant Of-i was Isolated Uom medium condl- 
tlorted by transfocted Chinese hamster ovary cans using 5-Sepharose 
and phenyl-Sepharoso chromatography followed by reverse phase 
high performance rtquki chromatography (Sampath et al., 1992). The 
purity was >98%, as assessed by SDS-polyacrylamide gel eJectropho- 
reaia. Other growih factors were obtained from oommerctal sources: 
GIBCO/BRL (interieukln-lp, ^. ^. -6, and -7; epidermal growth factor, 
basic fibroblasl growth factor, granulocyte/macrophage colony- 
stimulating factor, leukemia Inhibitory factor. TQFa, and rat T inter- 
feron); PeproTech, Inc. (brain-derived neurotrophic factor, hfT3, NT4, 
ciliary neurotrophic factor, and gllal-derived neurotrophic factor); R&D 
Systems (TGFpi , TGFp2. TQF(J3. and vascular endothelial growih 
factor); Coftaborative Biomedical Products (hepatocyte growth factor, 
plateiet-derfved growth factor, and TGFp); Boehringer Mannheim (in- 
terieukin-2); and Promega (interieukin-S). MAbs (1B12 and 12G3; Cro- 
aiive atomoiecules. Inc.) that react with OP-1, but not with or 
BMP-4, were affinity purified with Protein A agarose (Vukicevic el al 
1994). 

Tissue CultuFe 

Suspensions of neurons dissociated from the superior cervfcal ganglia 
of Holtzman (Harlan Sprague-Dawley) rat fetuses (20-21 days) or rat 
pups (1 -3 days postnatal) were prepared according to the method of 
Higgins et aL (1991). Equh^alent results were obtained with pre- and 
postnatal animals. Neurons were plated at low density (-10 colls/ 
mm") onto poIy-D-lyslne-ooated (1 QQ pg/ml) coverslips and maintained 
in a serum-free medium (Higgins et al., 1991) containing p-NGF (100 
ng/ml) and three other proteins: bovine serum albumin (500 ug/ml). 
bovine Insulin (1 0 tig/ml). and human transferrin (1 0 pg/ml). Equivalent 
results were obtained with NGF purified from mouse salivary gland's 
(gift from E* M. Johnson) and recomtdnant human NGF (PeproTech, 
lnc.).Cytosrne-f)-D-arab)nofuranoside(l nM)vt^ added to the medium 
of all cultures for 48 hr beginning on the second day: this exposure 
was usually sufficient to render them vktualty free of nonneuft)nal cells 
for 30 days. 

To label sympathetic neuroblasts . ganglia from 1 4.5 day rat embryos 
were grown in explant cuJture for 19 hr in the presence of tmethyl- 
^H]thymldlne (0.3 »iCi/ml; ICN Biomedicals, Inc.). Subsequently, the 
ganglia were exposed to trypsin, and the diasociated cells were plated 
on laminuvcoated (10 ^g/mOooverslips (Higgins etal., 1991). Because 
NTS (50 ng/ml) enhances the cuivival of immature sympathetic neu- 
rons (Birren et al., 1 993). it was added to the NGF-containlng medium 
during the period of explant culture and during the first 4 days of 
dissociated cell culture. 

Uorphologieal Anafyses 

Cetlular morphology was routinely assessed by the Intracellular injec- 
tk)n of fluorescent dyes, Ljjcif er yellow (4%) or 5(6) carboxyfluorescein 
(&(Ui). Only neurons whose cell bodies were at least 1 50 |im from other 
neuronal somata were Injected because density-dependent char>ges 
in morphotogy occur «rfwn sympathetic neurons are separated by 
lesser distances (Bruckenstein and Higgins, 1988). 

Cultures were Immunosttiined with antttxxSies previously shovim to 
react selectively with either axons or dendrites (Bamberger and Ster- 
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nbdrQer, 1963; Wiedenmann and Franke. 1985; Binder et al., 1986; 
L6ln and Higgins, 1969; Cameron et al.» 1991). MAbs to MAP2 (APIS 
and AP14: gin of L. l. Binder), to nonphosphorylated forms of the M 
and H neuroniament subunhs (SM)-32; Stemberger-Meyer Immuno- 
cytochemicals), and to the transferrin receptor (MRC OX-26; Serotech) 
were used as dendritic markers. Axonal probes included MAt>s to syn- 
aptophysin (SY-38: Boehrlnger Mannheim), tau (Taul; U I. Binder), 
artd phosphorylated forms of the H (NE14; Boehringer Mannheim) 
and the M and H (SMJ^I; Stemberger-Meyer Immunocytochemlcals) 
neurofjiament subunits. All antigens were locattzed by indirect immu- 
nofluorescence using previously described pr^edures (Lein and Hig- 
gins, 1989). Image 1 Softwere (Universal imaging) was used to quantV 
tate dendritic growth tn tmmunostalned cultures. Maximum dendritic 
extent was determined by measuring the radius of a circle encom- 
passing the entire arbor. The number of breinches crossing a circle 
of half that diameter was used as an index of branching (Scholl. 1953). 
Cuitures were prepared for electron microscopy according to pub- 
iished procedures (T ropea et al.. 1 988). Data in the text are presented 
as mean ± SEM. 
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Effects of Osteogenic Protein-l (OP-1) Treatment on Fetal Spinal Cord 
Transplants to the Anterior Chamber of the Eye 

A.-Ch. Granholni,*t§ L. A. Sanders,* B. Iclces,* D. Albeck,*t§ B. J. Hofferi§ D A Younn t 

and R L. Kaplan# ^ 
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IvTlrV^ '"^"'^ represents a senous medical problem, and leads to chronic conditions that cannot be 
reversed at present It has been suggested that trophic factor treatment may reduce the extent of damage and 
restore damaged neoions following the injury. We have tested the effects of osteogenic protein-l (OP-1 
also known as BMP-J), a member of the transforming gix>wth factor-^ superfamily of growth factoid, on 
dcvelopmg spmal cord motor neurons in an intraocular transplantation model. Embryonic day 13 or 18 soinal 
cord ussue was dissected, incubated with OP-1 or vehicle, and injected imo the anterior chamber of the eye 
of adult rats. Injections of addiUonal doses of OP-I were performed weekly, and the overall growth of the 
grafted tissue was ai^sessed noninvasively. Four to 6 weeks postgrafting, animals were sacrificed and the 
assue was processed for unmunohistochemistry using antibodies directed against choline acetyltransferase, 
neurofilament, and die dendnhc marker MAP-U. We found that OP-I treatment stimulated overall growth 
of spinal cord tissue when dissected from embryonic day 18, but not from cmbiyonic day 13. OP-1 tr^ent 
mcreased cell size and extent of cholinergic markers in motor neurons from both embryonic stages The 
neurons also appeared to have a more extensive dendritic network in OP-I-treated grafts compared to con- 
trols. These findings indicate that OP-1 treatment may reduce the extent of exotomy-induced cell death of 
motor neurons, at least in the developing spinal cord. 

Key words: Spinal cord; Development; Transplantation: Trophic factors; Bone morphogenic factors- 
Acetylcholme: Motor neurons; Transforming growth factor-P 



INTRODUCTION 

Members of the transforming growth factor-P (TGF- 
P) superfamily of proteins, including activins and bone 
morphogenetic proteins (BMPs), comprise an cvolution- 
arily well-conserved group of proteins that conttxjls dif- 
ferentiation, cell growth, and morphogenetic processes 
in a number of different systems during development 
(30,36). The BMPs, which comprise a subgroup of the 
TGF-ps, have been shown to affect embryonic skeletal 
development (9,37). musculoskeletal neoplasms (41), 
tooth formation, in particular dentinogenesis (23), as 
well as renal branching morphogenesis (8,34). Osteoge- 
nic protein-l (OP-1. also known as BMP-7) was first 
isolated from extracellular bone matrix, based on its 
ability to induce new bone formation in vivo (36), Mem- 
bers of the TGF-p superfamily encode secreted proteins 
that share common structural features. They are protco- 
iytically processed from the precursors to yield a car- 
boxy- terminal mature protein varying from 110 to 150 



amino acids. All members share a conserved pattern of 
cysteines in this domain. The active ligand form is a 
disulfide^bonded homodimer of a single family member 
or a heterodimer of two different members [see (16,30, 
31)]. In comparison to other TGF-p superfamily mem- 
bers, OP-1 was shown to differentially regulate progres- 
sion of the osteogenic lineage (9). A number of studies 
have shown that OP-1 can induce the formation of new 
bone when placed in a bony environment (9,12, 36,37). 

The TGF-Ps and BMPs selectively signal to the re- 
sponding cells through oligomeric complexes of type I 
and type IT serine/threonine kinases (27,32,39). It was 
recently demonstrated that cells in the central nervous 
system (CNS) express high levels of BMP receptor type 
n, suggesting that BMPs may serve functions in the ma- 
ture CNS. During early development of the neural sys- 
tems. BMPs have been shown to play a role in neunila- 
tion and dorsoventral patterning of the neiual tube as 
well as promoting the generation of astrocytes and radial 
gUa [(6,17,18); see also (32)]. During later stages of 
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ncura] differentiation. BMPs potentiate the survival of 
regional neuronal phenotypes and enhance the out- 
growth of dendritic processes (24,25.32.35,42). The spe- 
cific role of OP- 1 versus other BMPs in these processes 
has not yet been elucidated. OP-1 has, for example, been 
shown to induce dendritic growth in cultured sympa- 
thetic neurons (24). These authors reported that OP-1 
treatment of these cultures elicited an extensive dendritic 
response that correctly segregated and formed synaptic 
contacts of appropriate polarity (24). With the addition 
of nerve growth factor (NGF) to the culture. OP- 1 in- 
duced dendritic growth on perinatal sympathetic neurons 
comparable to that observed in situ. These findings sug- 
gested that OP-1 might also be used as a dendritic 
growth promoter for other neuronal populations, such as 
the dorsal root ganglion or spinal cord motor neurons. 
Indirect evidence for OP- 1 effects on spinal cord devel- 
opment was provided by SCklerstrOm et aL (39), who 
demonstrated that mRNA for the OP-1 receptor BMPR- 
II was present in spinal cord during embryonic develop- 
ment. These authors demonstrated strong BMPR-II 
mRNA expression in spinal cord, dorsal root ganglia, 
and spinal nerves at embryonic day 16, and with marked 
labeling maintained in the spinal cord and dorsal root 
ganglia at embryonic day 21 in the rat (39). These find- 
ings suggest that spinal cord neurons would be respon- 
sive to treatment with OP-1, at least during embryonic 
development. 

Classic work using animal models and tissue culture 
has identified many different trophic molecules that 
have effects on spinal cord motor neuron survival and/ 
or differentiation. For example, several members of the 
neurotrophin family of trophic factors have been found 
to stimulate spinal cord neuronal survival and differenti- 
ation, including brain-derived neuiDtrophic factor (BDNF) 
and neurotrophin-3 (NT-3) [see (7,10,11,19)]. Ciliary 
neurotrophic factor (CNTF) has also been found to pre- 
vent degeneration of adult motor neurons after axotomy 
(5,38). The members of the neurotrophin family have so 
far been the best candidates for treatment of spinal cord 
injury in the clinic, but, surprisingly, inactivation of 
their receptor genes leads to only panial loss of motor- 
neurons, suggesting that other factors may be involved 
in motor neuron survival during development and repair 
[see, e.g., (5)J. Wc and others have previously shown 
that TGF-p superfamily members can promote smrvivol 
and differentiation of spinal cord motor neurons, both in 
Culture and in vivo. Glial cell line-derived neurotrophic 
factor (GDNF), another member of the TGF-P super- 
family of growth factors (28), was found to support the 
survival of purified rat motor neurons in culture (20,43) 
as well as to prevent axotomy-induced cell death in adult 
spinal cord and brain stem motor neurons (20,26). In 
addition, we have previously shown that GDNF, when 



injected directiy into the intraocular fluid (40) or admin- 
istered using a- novel carrier-mediated transport with 
transferrin receptor conjugates (1), can enhance survival 
of spinal cord tissue transplanted to the anterior chamber 
of the eye. The intraocular transplantation technique has 
been used extensively to evaluate trophic factor efficacy, 
because tissue can be observed aooinvasively and longi- 
tudinally to assess growth and vascularization [see 
(2,14,40)], We have demonstrated that CNS tissue will 
survive transplantation and develop normal vasculari£a- 
tion with a functional blood-brain barrier (15) and that 
spinal cord transplants develop many physiological and 
morptiological characteristics of the mature spinal cord 
neurons in situ (21,22). 

The studies of GDNF effects on spinal cord trans- 
plants and the temporo-spatial distribution of OP-1 and 
its receptors (39) prompted us to investigate Uie effects 
of OP-1 on spinal cord transplants. The specific aim of 
the present study was to determine if OP-1 could en- 
hance survival of fetal spinal cord tissue in the anterior 
chamber of the eye. We utilized tissue from two differ- 
ent fetal stages, embryonic day 13 and 18, to determine 
whether we could expand the developmental window for 
transplantation of spinal cord tissue. Fetal spinal cord 
tissue is known to survive transplantation only when ob- 
tained from immature developmental stages, earlier than 
embryonic day ] 5 in the rat (22). 

MATERIALS AND METHODS 

Transplantation and Intraocular Injections 

Spinal cord tissue from two different embryonic 
stages (embryonic day = El 3 and El 8), determined by 
the crown-rump lengtii of the fetus, was dissected from 
the cervical portion of the spina] cord of fetuses from 
timed pregnant Fischer 344 rats, as previously described 
(21). Ten animals with bilateral transplants were used 
for the El 8 donor stage (10 trans*plants in each group), 
and 20 animals, performed at two different occasions 
(10 each time), were used for the E13 donor stage (a 
total of 20 transplants per treatment group). Prior to in- 
traocular transplantation, the tissue pieces were incu- 
bated for 20 min at room temperature with 100 \igfn\\ of 
OP-1 (obtained from Creative Biomolecules, Hopkinton, 
MA). Control tissue pieces were preincubated for the 
same time period with vehicle solution. Young adult 
Fisher 344 female rats (150 g, Harlan) were anesthetized 
with xylazine (Rompun. 12 mg/kg, IP) and ketamine 
(Ketaset, 80 mg/kg, IP), and their pupils were dilated 
with one drop of a I % atropine solution. A small inci- 
sion was made in the cornea with a razor blade tip and 
one tissue piece was injected into each eye with a modi- 
fied syringe (13). Transplants were allowed to mature 
for 4-6 weeks postgrafting, during which time weekly 
measurements were made through the translucent cornea 
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with a Stereoscopic tnicroscope to establish growth 
curves. The measurements represented the area of each 
transplant, as previously described [see, e.g.. (2,13,14)]. 
Because individual transplant size may vary (tissue 
pieces of fetal tissue at an exactly similar size are diffi- 
cult to obtain, especially when using whole slices of spi- 
nal cord from two different donor stages), we normal- 
ized the transplant growth, so that each value shown in 
Figure 1 represents the growth of that particular trans- 
plant, expressed as increase over initial size (= 1.0). This 
way, it is possible to evaluate differences between 
growth of spinal cord from different donor stages, which 
have different initial size. Beginning 1 week postgraft- 
ing, weekly intraocular injections of the same com- 
pounds were performed (1 ^g of OP^l per injection in 
5 ^1 vehicle). The dosage chosen for OP-1 pieincubaUon 
and intraocular injections was based upon previous work 
using GDNF and intraocular spinal cord grafts (40), as 
well as previous data on OP-1 treatment of neurons in 
tissue culture (24,25,35.42). Statistical analysis of the 
transplant size was performed using weeks 0-4 as re- 
peated measures (ANOVA) to determine the growth rate 
over time. The curves were fit by polynominal regres- 
sion and the Scheffe test was employed to account for 
die multiple comparisons made at each of die weeks. 

Immunohistochemistry 

Transplants were dissected from the host iris and pro- 
cessed for immunohistochemistry to determine the ap- 
pearance of motor neurons in the spinal cord tissue. The 
transplants were immersion fixed overnight in paraform- 
aldehyde (4%). They were transferred to 30% sucrose in 
phosphate buffer (PB) for at least 16 h. after which they 
were sectioned at 8--12 fun on a cryostat (Zeiss/Microm, 
Carl Zeiss Inc., Tempe, A2). Every 10th section was 
collected for routine histology, using cresyl violet stain- 
ing on glass slides. The sections used for immunohisto- 
chemistry were mounted on slides and rinsed in phos- 
phate-buffered saline (PBS) containing 0.05% Triton X- 
100. Sections were then incubated 48 h with antibodies 
directed against choline acetyltransferase (ChAT, Boeh- 
ringer-Mannheim, dilution 1:20), the dendritic mariccr 
MAP-II (Sigma, 1:100), and neurofilament (NF, 1:100. 
Dakopatts). The antibodies were diluted in PBS with 1% 
normal goat serum and 1% serum albumin to reduce 
background staining. The sections were rinsed in PBS 
and incubated with anti-rabbit (ChAT and MAP-Il) or 
antimouse (NF) IgG conjugated to fluorescein isothiocy- 
anate (FTTC, 1:100; Vector Laboratories Inc., Buriing- 
ame, CA). They were studied in a Nikon Optiphot mi- 
croscope (Nikon, Tokyo, Japan). Specificity controls 
included sections where the first or second antibody was 
mitted. When the terms "-imrnunoreactive*' or "-posi- 
tive" are used in the text, this always means "like immu- 



noreactivity." because die indirect immunohistochemis- 
try techniques used in the study cannot directiy verify 
the identity of tissue antigens. 

Image Analysis 

Tht sections labeled with ChAT, NF, and MAP-U 
antibodies were studied in terms of overall staining in- 
tensity and cell size, using an image analysis system dis- 
tributed by the National Institutes of Mental Health 
(NTH Image). The Nikon Optiphot microscope was con- 
nected to a Macintosh Quadra computer by means of a 
Cohu analog video camera (model 4990) and an analog/ 
digital card. Images were collected with the video cam- 
era using the lOx objective and measurements of overall 
staining intensity and the average size of immunorcac- 
tive neurons were obtained from every fifth section for 
each antibody throughout each transplant. The staining 
intensity measurements were analyzed after background 
fluorescence had been subtracted from each section, to 
control for differences that might occur due to different 
thickness of individual sections, etc. The mean size and 
staining intensity was determined for each animal and 
the mean of means used as a group value for the two 
different groups examined. Statistical analysis of mea- 
surements was performed using two-way Student's r- 
tests. For further details on this image analysis system 
see Backman et al. (3) and Bowenkamp et al. (4). 

JIESULTS 

Overall Growth of Spinal Cord Transplants 

When tissue from El 8 was used, there was a signifi- 
cant difference in the growth of spinal cord tissue in 
response to OP-1 (Fig. la). Very few control grafts con- 
tained surviving tissue at all after 2 weeks in oculo, 
compared to the OP-1 -treated group where a more ro- 
bust survival was seen (an anterior eye chamber with 
only remnants of a control graft is shown in Fig. 2b, 
versus a healthy and fairiy large transplant, treated with 
OP-1, in Fig. 2a). As can be seen in Figure I, the OP-1- 
treated grafts grew significantly larger than the controls 
throughout the experiment. Only 50% of the transplants 
(5 of 10 total transplants) survived at all in the control 
group from donor age El 8, whereas 90% (9 of 10 trans- 
plants) survived in the OP-1 -treated group. Statistical 
analysis with multiple comparisons (ANOVA with 
Scheffe test) revealed significance between the two 
groups in terms of overall tissue growth at 2. 3, and 4 
weeks postgrafting (see Fig. la). In additional experi- 
ments, we transplanted spinal cord tissue from EI 3 and 
treated the tissue with cither OP-1 or vehicle. As can be 
seen in Figure lb, there was no significant difference in 
terms of overall tissue growth between the groups in 
transplants from donor stage EI 3. From this donor stage, 
80% of the transplants in the control group survived (16 
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Figure 1. Growth curves for intraocular spinal cord transplants, (a) Embryonic day IS donor stage; (b) 
embryonic day J 3 donor stage (£18 embryonic day 1 8; El 3 = embryonic day 13). The x-axis repre- 
sents time in weeks from grafting (- 0, Tp), and y-axis represents transplantation growth from input 
size (= 1). Repeated measures ANOVA revealed a difference between the groups In (a), but not in (b) 
(p<0.05). 
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Figure 2, Intraocular spinal cord grafts from embryonic day 18. (a) OH-l-treated graft; (b) control eraft Th^^^ 
two grafts are repi^sentative for the two groups, because only 50% of the grafts in the Untrol ^up .ur^td 
Scale bar represents 1 mm. ^ *^ aujvivcu. 



of 20 transplants totally, see Fig. lb), and 100% of the 
El 3 transplants survived with OP-1 treatment (20 of 20 
transplants). 

General Histology 

Transplants from both groups were sectioned and 
prepared for routine histology using cresyl violet stain- 
ing. The OP-1 -treated grafts appeared to contain a 
greater density of large neuronal cell bodies than control 
grafts (Fig. 3). Quantitative image analysis of cell body 
size revealed a 45% increase in the mean diameter of 
neuronal cell bodies in the OP-1 -treated groups con^- 
pared to controls (mean ± SEM values for overall cell 
size were 355 ± 26 ^m^ for the OP-1 group; n = 9, and 
245 ±45 pjn^ for the control group; n = 5). Statistical 
analysis between the two different groups (two-way Stu- 
dent's /-test) revealed a significant difference at the level 
of ;?< 0.05. Other components of the transplants ap- 
peared normal and similar between the two groups, such 
as vascularization. 

Immunohistochemistry 

Image analysis of sections stained with immunohisto^ 
chemistry did not reveal any differences in tenns of 
overall staining densities between the OP- 1 groups from 
El 3 or El 8 donor stages, or between controls grafts 
from these two different stages. Due to the poor survival 
rate of control transplants, the different image analysis 
mean values were therefore pooled between the two 
control groups, from E13 and El 8, as well as the two 
OP-1 groups, from El 3 and El 8. However, incubation 



of the transplanted tissue with antibodies directed 
against ChAT revealed a significant difference in both 
appearance and density of staining between groups of 
animals treated with OP-1 versus control solution, re- 
gardless of donor stage (Fig. 4a-<l). The same magnitude 
of difference between the OP- 1 -treated group and the 
control group was seen at both the El 3 and the EI 8 
donor stages. Moreover, individual neurons were larger 
and exhibited significantly more extensive neurile 
branching. This was confirmed by quantitative image 
analysis of the overall ChAT staining density (Rg. 5a). 
The mean ± SEM staining density was 1.45 ±0.04 for 
the OP-l-treated group (n = 7; stainingy^background ra- 
Uo; p < 0.01) and 1.21 ± 007 for the control group (« = 
6). In contrast to the enhanced cholinergic markers, 
there was no statistical difference between the two 
groups, with respect to staining density for neurofila- 
ment, even though there was a trend towards an increase 
in the OP-1 group (Figs. 5b and 6a. b). The mean ± SEM 
stamingAjackground ratio for neurofilament immunohis- 
tochemistry was 1 .20 ± 0.05 for the OP- 1 group {n = 7) 
and 1.04 ±0.01 for the control group f/i = 6). Sections 
were also stained for the dendritic marker MAP-II (Figs. 
5c and 6c, d). There was a significant difference in the 
appearance, but not in staining density, of MAP-II-im- 
munoreactive profiles in the two groups (see Fig. 6c, 
d). When overall staining density measurements were 
perfonned over the whole transplant area, there was no 
difference in the staining/background ratio of MAP-II 
staining (fMg. 5c). The mean ± SEM value for MAP-II 
staining was 1.19+0.01 (n = 7) in the OP-1 group, and 
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Figure 3. Cresyl violet-stained seaions of spinal cord grafts, (a) OP- 1 -treated graft, (b) 
control graft. Note the difference in number and size of large motor neurons between the 
two groups. Scale bar represents 75 \im. 



1.17 + 0.0 1 in the control group (n = 6). Because the den- 
dritic branches are only present in smaller portions of 
the spinal cord grafts (the gray matter of the ventral 
horn), it is not surprising that unbiased measurement of 
staining density resulted in similar mean values for the 
two groups. However, as can be seen in figure 6. there 
was a qualitative difference in the appearance of MAP- 
II staining between OP- 1 -treated grafts and controls. 
The areas with significant dendritic branching in OP-I- 
treated grafts (Fig. 6c) contained a higher density of 
MAP-Il-immunoreactive profiles, which also appeared 
to be more developed in terms of thickness and 
branching, than similar areas in the vehicle-treated grafts 
(Fig. 6d). 

DISCUSSION 

We have demonstrated that OP- 1 stimulates choliner- 
gic and dendritic markers in embryonic spinal cord tis- 
sue grafted into the anterior chamber of the eye of the 
adult rat. There was an increase in the overall graft sur- 
vival of spinal cord transplants with OP-1 when donor 
tissueAvas obtained from El 8, but not when transplants 
were obtained from EI 3. The number of surviving trans- 
plants in the OP-1 -treated group was significantly 
greater than in the control group when El 8 tissue was 
used. These findings are in agreement with earlier stud- 
ies, which have reported enhancement of dendritic pro- 
cesses in sympathetic neurons in culture with OP-1 (25) 
and also a dendritic growth enhancement in hippocam- 



pal cultures (42). We only saw MAP-II staining in por- 
tions of the grafts where neuronal cell bodies were lo- 
cated. This is not surprising, because motor neurons 
appear only in the gray matter of the spinal cord, and 
the grafted tissue consisted of a complete section of fetal 
spinal cord tissue. It is difficult to perform an unbiased 
measurement of dendritic branches in the two groups, 
and no overall differences could be detected using image 
analysis of staining densities of MAP-II in whole sec- 
tions of transplants. However, as demonstrated in Figure 
6, we found a qualitative difference in MAP-II staining 
in areas of neuronal cell bodies in the group treated with 
OP-1 compared to controls. 

It was interesting to note that an OP-1 enhancement 
of overall tissue growth could be seen in transplants 
from donor stage 18. and not from El 3 transplants. 
There are several possible explanations for this phenom- 
enon. First, we have previously shown that El 8 spinal 
cord transplants survive poorly when transplanted to the 
anterior eye chamber (22). In the present study, only 
50% of the control grafts survived when donor tissue 
from EIS was used, compared to 80% survival in the 
El 3 control group. Embryonic day 13 spinal cord tissue 
has a much greater survival capacity and develops into 
larger transplants expressing organotypic morphological 
and physiological features of spinal cord neurons in situ 
(21,22). Thus, it is likely that die differences in OP-1 
response seen between the two different donor stages 
may be due to the fact that the control grafU: in the El 3 
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Figure 4, Photomicrographs from sections of spinal cord lissue. incubated with ChAT anti- 
bodies, (a, c) OP-1 -treated graft; (b, d) coniro! graft. Note that there arc very few cholinergic 
cell bodies present in the control graft, compared to the dense group of motomeurons in the 
OP- 1 -treated group. The individual neurons were also larger in the OP-1 than in the control 
graft. Scale bar represents 30 ^m. 



group survived better than the controls from EI 8. An- 
other explanation may relate to the expression of OP-1 
receptors during embryonic development. Soderstr5m 
and collaborators have recently shown that BMPR-II re- 
ceptor expression, increases gradually in the spinal cord 
during early development and reaches its peak some- 
where between E16 and E21 in the rat (39). The inten- 
sity of BMPR-II labeling was found to be lower at El 1 
and E15 than at El 6. It is possible that spinal cord trans- 
plants contain more receptors at E18 than at El 3, and 
are thus more responsive to OP-1. This hypothesis can 
be tested in future experiments, with mRNA measure- 



ments of the OP- 1 type I and II receptors in spinal cord 
transplants at di^erent donor stages. 

The specific signaling mechanisms for OP-K in terms 
of dendritic growtii and neuronal differentiation, have 
not yet been elucidated. It has been suggested from tis- 
sue culture experiments (33) that OP-1 may act by a 
transcriptional mechanism of gene regulation that is in- 
dependent of cell differentiation. Other investigators 
have shown that NGF and OP- 1 have synergistic effects 
during the development and differentiation of sympa- 
thetic neurons in tissue culture (25), suggesting that OP- 
l may indeed work in conjunction with other differentia- 
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Figure 5, Image analysis resulUi from overall staining densi- 
ties of ChAT (a), neurofilament (NF; b), and MAP-II (e) im- 
munohlstocbemistry in entire sections of spinal cord grafts. 
There was a significant difference between OP- 1 and control 
groups in terms of ChAT immunostaining <a; p<0.0\\ but 
there was no significant di^erence between the two groups in 
terms of neurofilament staining (b). The overall MAP-II stain- 
ing density was similar between the two groups (c). 



tion factors. Peiides and his collaborators (33) found that 
OP-1 administration to neuroblastoma and glioma hy^ 
brid cells gave rise to a stgtiificant and long-lasting 
upregulation of all three maj r isoforms of neural cell 
adhesion molecules (N-CAM). Because this cell adhe- 
sion molecule has been shown to be involved in neurite 
outgrowth and synaptogenesis [see (29)], it is possible 
that the dendritic enhancement seen in our study and 
others may be niediated by the effect on ceil adOiesion 
molecules such as N-CAM. It would be interesting to 
examine the signaling cascades of BMPs and how they 
interact with the signaling cascades of the adhesion mol- 
ecules. BMP ligands exhibit cooperative binding to dis- 
tinct classes of type-I (BMPR-I) and type-H (BMPR^II) 
receptor subunits with transphosphorylation of the type 
I subunii by the type n receptor, and subsequent intra- 
cellular signaling (32), Different BMPs exhibit distinct 
profiles of receptor subunit binding; different cell types 
can display alternative patterns of receptor binding, and 
thus display a differential response pauem to the differ- 
ent BMPs (32). One current hypothesis for the BMP sig- 
naling cascade holds that the activation of the BMFR- 
I subunit results in recruitment and phosphorylation of 
SMADl (a member of the MAP kinase family), which 
acts as a latent transcription factor. Activated SMADl 
subsequently associates with SMAD4 and the comf^ex 
translocates to the nucleus where it associates with gene 
products to activate developmental stage-specific g^ies 
(32). It is not known which developmental genes acti- 
vate dendritic outgrowth, or if these gene products are 
closely associated with, for example, adhesion molecule 
synthesis and/or activation. Nevertheless, further studies 
are needed to determine if there is a specific BMP sig- 
naling cascade in the neuron, separate from those de- 
scribed for traditional growth factors. Because most 
TGF-Ps utilize serine/threonine kinase receptors 
(27,32,39) as upposcd to the tyrosine kinase receptors 
previously described for the neurotrophins (3,5»7)* it is 
not likely that identical intracellular second messenger 
cascades arc involved in these two different superfami- 
lies of trophic factors, but it is interesting that they may 
act simultaneously on selective phenotypes of develop- 
ing neurons. 

We have previously found that GDNF stimulates sur- 
vival of motor neurons in spinal cord transplants (1,40). 
Because this TGF-P superfamily member appears to ex- 
hibit different signaling cascades and different receptor 
profiles than the BMPs, it would be interesting to per- 
form a combined treatment of spinal cord transplants 
with both OP- 1 and GDNF. Tliis combination may en- 
hance differentiation of the motor neurons (GDNF) jas 
well as dendritic outgrowth and cholinergic maricers 
(OP- 1). Such combination treatments are predicted to 
have more robust effects for clinical purposes than any 
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Figure 6, Iinmiinohistochemistry for neurofilament (a, b) and MAP-II (c, d). There was a 
tendency towards an overall increase in neurofilament staining between OP-1 (a) and control 
grafts (b) a.s is illustrated in this microphotograph. Overall neurofilament immunorcaclivity 
appeared denser in the OP- 1 grafts than in controls. The same pattern was seen with the 
dendritic marker MAP-IF (c. d). Much denser suining for MAP I! was seen in areas of OP- 
Mreatcd grafts that contained cell bodies (see left side of c), whereas there was a more sparse 
staining in controls (d). Scale bar represents 20 \im. 



trophic factor alone, because trophic factors exhibit spe- 
cific and differential effects on separate components of 
neural development and plasticity. The two factors may 
act on the same cells or could act on different cells in 
the same transplant. It would also be interesting to deter- 
mine if OP- 1 is effective in treatment of the adult, in- 
jured spinal cord, even though expression of its recep- 
tors is known to decrease in late embryonic development 
(39). Importantly, it is not yet known if OP-1 or its re- 



ceptors are upregulated in response to injury in the adult 
spinal cord. These complexities notwithstanding, our 
data do document a significant positive effect of OP- 1 
on spinal cord tissues, both in terms of survival and neu- 
rite developmenL 
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Dendritic retractron occufg in many regions of th© developing 
brain and also after neural injury. However, the molecules that 
regulate this important regressive proce$s remain largely un- 
known. Our data indicate that leukemia inhibitory factor (UF) 
and ciliary neurotrophic factor (CNTF) cause sympathetic neu- 
rons to retract their dendHtes in vitro, ultimate^ leading to an 
^80% reduction In the size of the arbor. The dendritic retraction 
induced by UF exhibited substantial $pecfflcity because it was 
not accompanied by changes In cell number, in the rate of 
axonai growth, or in the expression of axonal cytoskefetat 
elements. An antibody to gp130 blocked the etects of UF and 



Dendritic retraction takes many fonras in the developing nervous 
system. In the raagnoccllular nucleus of chick embryos, neurons 
initially extend several long, branched dendrites. They then re- 
tract all of these processes as they become unipolar (Jhaveri and 
Merest. 1982), Purkinje cells also extend multiple primary den- 
drites; however, only the apical process survives, allowing these 
cells to assume their characteristic shape (Anmengol and Sotclo, 
1991). In other cases^ dendritic regression is less dramatic, but the 
consequences are Still important. For example, all the pyramidal 
cells in layer 5 of the visual cortex initially form apical dendrites 
that extend to layer 1 (Koestcr and O'Leary^ t992). However, as 
they mature, neurons whose fixons have entered the corpus cal- 
iosum retract the Segments of their dendrite that contact the three 
most superficial cortical layers, thereby becoming short pyramidal 
cells. In contrast, neurons that send their axons to the tectum do 
not experience regression of the apical process and so become tail 
cells. Because different afferent fibers course through the various 
cortical layers, it is thought that this differential retraction leads to 
alterations in synaptic function. Etendridc retraction also occurs 
in many other parts of the developing brain, including the hip- 
pocampus (Hihn arid Claiborne, 1990), lateral geniculate nucleus 
(Leuba and Garey, 1984), and autonomic ganglia (Landmesser 
and Pilar, 3974). In addition, dendritic atrophy has been observed 
during normal aging (Flood, 1993), in degenerative conditions, 
including Alzheimer's (Flood and Coleman, 1990) and Parkin- 
son's diseases (Patt et al., 1991)» and after acute neural injury 
(Sumner and Watson, 1971; Yawo, 1987), Thus, regressive events 
within dendritic processes are widespread, and they are important 
deternUnants of neuronal ce]| shape and synaptic connectivity. 
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ClsTTF, and both cytokines induced phosphorylation and nuclear 
translocatton of stat3. Moreover, addition of soluble inteit8ukln-6 
(IL-6) receptor to the medium endowed IL-6 with the abiiity to 
cause dendritic regreasion. These data Indicate that liganda 
activating the gp130 pathway have the ability to profoundly 
alter neuronal cell shape and polarity by aelectiveiy causing the 
retraction of dendrites. 

Key words: leukemia inhibitory factor; ciliary neurotrophic 
factor; osteogenic protein-l ; bono morphogenetic prtjtmn; den- 
dritic ret/vction: dendrites; sympathetic neurons; stat3; gp130 



Several studies suggest that deprivation of target-derived 
growth factors contributes to the dendritic retraction that is 
induced by axotomy (Yawo, 1987; Purvcs et al., 1988; Snider. 
1988). In addition, excitatory amino acids such as glutamate have 
been found to cause dendritic retraction in some types of cultured 
neurons (Metz^er et a!., 1998), and there is evidence that these 
neurotransmitters are Invoked in certain forms of injury and 
stress-induced dendritic regression irt vivo (McEwen and Magari- 
nos, 1997). These observations suggest that there may be multiple 
pathways that produce dendritic atrophy. However, mediators f 
dendritic retracrioo have been identified in only a Umited number 
of systems, and so in most instances we do not know wliich 
molecules regulate this important regressive process. 

Leukemia inhibitory factor (UF) and ciliary neurotrophic fac- 
tor (CNTF) belong to the neuropoictic family of cytokines; other 
faoaily members include interleukin-6 (IL-6), IL-11, oncostaiin*M 
(OSM), and cardiotrophin-1 (Patterson, 1994). Neuropoictic cy« 
tokines are expressed in many regions of the nervous system, as 
are their receptors. Sympathetic neurons are one of the classes of 
neurons that express receptors fbr these cytokines^ and it is 
known that they are exposed to several family members, t>oth 
during their development and after neural injury. This has led to 
the use of these neurons as a model system for analyzing the 
effects of neuropoictic cytokines (Patterson, 1994; Landis» 1996; 
Zigmond et ah. 1996; Mehler and Kessler, 1997), The response of 
sympathetic neurons to these agents is complex and includes 
changes in the neurotransmitter phcnotyi}e as well as in cell 
survival and the expression of transmitter receptors. In addition, 
it has previously been observed (Guo et ai., 1997) that neuropoi- 
ctic cytokines inhibit the initial extension of dendridc processes 
in cultures of sympathetic neurons that have been treated with 
osteogenic protein-1 ((OP-1) also known as bone morphogenetic 
protein-71- In this study, we extend these observations by exam- 
ining the effects of LIF and related cytokines on existing den- 
drites. Our data indicate that LIF and CNTF have the ability to 
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selectively mcxlify the shape of sympathetic neurons hy inducing 
the retraction of Ocndritic, but not axonaK processes, The$e data 
suggest a novel morphogenetic role for neuropoietic cytokines. 

There is substantial evidence that the trophic and 
differentiation-inducing effects of neuropoietic cytokines arc me- 
diated by the gpl30/stat pathway, acting either alone or some- 
times in conjunaion with other cascades (Ip and Yancopoulous, 
1996: Segal and Greenbcrg, 1996). fn contrast, httle is known 
about the signaling mechanisms that are involved in their regres- 
sive effects on neurons. In fact, the only previously described 
regressive activity of this class of growth factors on neurons has 
been the induction of cell death in immature sympathetic cells 
(Kcssler et al., 1993; Kotzbauer et al., 1994). This study examines 
the pathway mediating cytokine-induced dendritic retraction and 
provides evidence that it too involves gpl30 and stat3. Thus, in 
contrast to the ncuroirophins that use two distinct classes of 
receptors to influence sympathetic neurons (Carter and Lewin, 
1997), the neuropoietic cytokines appear to use a single pathway 
to influence survival, differentiation, and process regression in 
these cells. 

MATERIALS AND METHODS 

yfateriats. RocombinarU human OP- 1 was isolated from medium condi- 
tioned hy u-ansfcctcd Chinese hamster ovfiury Cells using S-Scpharose and 
phenyKSepharose chromatography fgUowed by RF-HPLC (Sampaih et 
al., 1992). Recombinant human LIF, JUL- 11, OSM, and murine monoclo- 
nal antibody to gpl30 (M AB 22$) were purchased from R&D Systems 
(Minneapolis, MN). CNTF, cardiotrophin-l, and IL-6 were purchased 
from feproTech (Rocky Hill, NJ), and soluble IL-6 receptor fragment 
(SIL-6R) and phosipbatidylinositol-phosphalipa9c<: (PI-PIX) were from 
Sigma (St. Louis» MO). 

Tissue cuitum. Sympathetic neurons disMKiated from tbq superior 
Cervical ganglia nf perinatal (embryonic day 21 or 1-2 d postnataj) 
Holtzman rats (Harlan Sprague Dawley, Rockford^ IL) w<?re prepared 
u^ing previously described methods (Higgins et al., Wl), Cells were 
plated Onto poly-o-lysine-coated cover^lips and maintained in a ^crum- 
free medium containing j5-nerve growth factor (NOF, 100 ng/ail). 
Cyti>5ine-)5-i>-arabirofuranosIde (1 mm) was added to the medjuni of all 
cultures for 48 hr beginning on day 2. Ex peri mental tteatmcnts were 
begun on the fifth or sixth day m vitro, after non-neuronal cellii had been 
eliminated. 

Morphological analyse^. Cellular morphology was assessed by the in- 
tracellular injection of fluorescent dyes [4% Lucifer yellow or 5% 5(6)- 
earbcxyfluoreacein] and by immunocytocbemistry. Cultures were immu- 
nostained with monoclonal amit>odte$ (raAbs) previously shown to react 
selectively with dendrites of sympathetic neurons (Lein et al., 1995; Guo 
ct al.. 1997); these included mAbu to MAP2 (Ap20, Sigma; SMI'52, 
Stemberger Itnmutiocytochemicals, Baldmore, MD) and to nonphos- 
phorylated forms of the M and H neuroiilanjent subunits (SMI-32, 
Stemberger Immunocytochcmicals). All antigens were localized by in- 
direct immunofluorescence using previously described procedures (Lcin 
c( al., 1995). Process length was assessed using Metamorph Software 
(Universal Imaging, West Chester, PA). 

The cellular distribution of the phosphorytated stat3 was visualized by 
cohfocal microscopy afl(Sr cultures had been immunostaincd with a rabbit 
polyclonal annliody (New England Biolabs, Beverly, MA) that spcciE- 
cally reacts with Stai3 pbosphorylated on Tyr70S. Confocal images were 
collected at a section thickness of 1 /im using a Bio-Rad MRC 1000 laser 
scanning confocal microscope (Bio-Rad, Hercules, CA). 

WtsUrn blotting analyses. To examine the c^Rprcssion of cytoskeletal 
proteins and pbosphorylated stat3» sympathetic neurons were plated onto 
pblylyslne-coaied 35 mm dishes and treated with growth factors for 
varying amounts of time. Cells wci-e then harvested in 50 mM Tris bufEcr, 
pH 7.4, containing 0.1% $PS, 2% 2*mercBptoethanoI» and 1 mM EDTA, 
and homogenized by passaging through a 23 gauge needle at 4<'C Cell 
extracts were boiled for 5 min and centrif uged at 12,000 x g for !5 min. 
The protein concentration of the variotts supernatants was determined 
using the Bradford dye reagent (Bio-Rad). Equal amounts of proteins 
were analyzed by SDS-PAGE. Subsequently proteins were electro- 
phoretically transferred to a nitrocellulose membrane and probed with 
raAbs (AP20 or SMM2) to MAP2, mAb to i9-tubulin (a gift from Dr. 



Figure I Effectfi of OP- 1 and U F on sympathetic neurons. A, Fluotea- 
ceflce micrograph of a sympathetic neuron that was grown under control 
conditions before being immunostained with a mAb (SMI52) to MAP2. 
Such ceils typiCdlly lacked dendrites, whereas cells that had t>6en treated 
with qP-i (50 ng/rtil) for 15 d (a) bad complex arbors. C. The size of the 
dendridc arbor waa reduced when cells that had initially been treated with 
OP-1 for 12 d Were treated for an additionat 3 d with the combinatian of 
UF (10 ng/ml) and OP-1. Scale bar. 50 /rm- 



Robert Hard, University of Buffalo, Buffalo, NY), mAb to the pbosphor- 
ylated foims of the H and M neurofilament subunits ($MI«31^ Stcrn- 
bcrger Iminunocytochemicals), and polyclonal antiscnun to the pbos- 
phorylated fornj of 5tBt3. Detection was accompli^cd using 
Chemiluminesccnt Substrate (]t»icree Chemical, Rockford, It) after se- 
quential treatment with biotwylated goat anti-mouse IgG (MyCtonc 
Laboratories, togan^ UT) and horseradish peroxidasc-conjugated 
streptavidin (Amersham, Arlington Heights, IL). 

RESULTS 

LIF and CNTP Induce dendritic retraction 

Sympathetic neurons were maintained in a serum-frcc medium 
and experimental treatments were begun 00 the fifth day in vitrv, 
alter non-neuronal cells had been eliminated. In agreement with 
previous observations (Lein et al., 1995), it was found that OP-1 
induces dendritic gnwth in these cells (Fig. I) and thai the 
number of dendrites formed duritig a 2 week exposure to OP-1 
(6-8 ± 0.4 dcndrites/cell) closely approximates the number (6.9 
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Figurr 2. Time course of UF- and CNTF-in(*wced dendritic retraction 
in sympaibetic neurons. Syoipathetic neurons were plated onto 
poJyIysinc-coated coversMp^, and non-neuronai cells were eliminated by a 
2 d exposure to an antimitotic agent. Cultures were then continuously 
treated with Of-1 (50 ng/ml). On day 7 or 12, some OP-l-treated cultures 
w?re also exposed to cither UF (30 ng/ml) or CNTF (30 ng/nxl) for 3-5 
Cellular morphology was analyzed after cultures had been immuno* 
stained with an mAb (SMl-52) to Nf AP2. Data are expressed as mean ± 
SEM (/I 30). 

dendrites/cell) adsing from sympathetic neurons of 2-woek-old 
rats in situ (Snider, 1988). Similarly, the size of the dendritic arbor 
(tot^ linear length of 590 ± 50 jwn/ccll) generated during this 
period in yUro was '^75% the size of that observed in vivo. 

To assess the effects of LIF on existing dendritic processes, 
neurons were initially exposed to OP-1 for 12 d. Sulisequently 
they were treated for an additional 3 d with either OP-1 alone or 
with the combination of both LIF and OF-1. On the 15th day, 
culnires were immunostained with an antibody to MAP2, and it 
was found that the neurons that had been Ueated with both LIF 
and OP-1 had fewer dendrites and smaller arbors than the cells 
exposed to OP-1 alone (Figs. 1, 2). These data indicate that LIF 
inhibits the growth o'f existiog dendrites. It was also found that 
neurons that had been exposed to LIF and OP-1 on days 13-15 
had smaller arbors than neurons that had been stained after 12 d 
of OF- 1 treatment, indicating that LIF also causes the retraction 
of existing processes. The LIF-induced decrease in the size of the 
arbor reflected a reduction both in the number of primary den- 
drites (Fig. 2) and in the length of the individual processes (data 
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FigurE 3. Serial obfiervations of the effects of LIF on neuronal morphol' 
ogy. A, Phase-contrast image of a sympathetic neunm^'s that bad been 
treated with OP-1 (50 og/ml) for 4 d. One of thiA neuron's dendrites 
{arrowhead) could be examined in itA entirety t>ecause it grew through an 
area where there were only a few axons. The cell was then treated with 
LIF (10 ng/mJ) and OP-1 for 2 d. When the neuron was relocated (B), it 
was found that the dendrite had retracted. In oomrast. the density of the 
aTConat plexus increased and oew processes appeared (bottom ri^ and 
lefi). Note that the cell shcTwn in ^ has a second, thick dcndrite-Jlke 
process that arises from the right side of the ceil and chat this process is 
associated with a bundle of axons. Such fiasciculatcd processes were 
excluded from our analysis because we could not accurately detcnnino 
where they ended. 

not shown). Exposure to LIF also caused a 25% decrease in the 
percentage of cells with dendrites (Fig. 2), indicating that many 
neurons eliminated all of these processes. 

The data in Figures 1 and 2 were obtained from cultures thai 
had been immunostained with anhl>ody to MAP2, However^ 
similar results were obtained when cellular morphology was an- 
alyzed by intracellular dye injection or by inranmostaimng with 
another dendritic marker, antibody to nonphosphorylated forms 
of the M and H neurofilament subunits (data not shown). Thus, 
the effects of UF reflect actual process elimination rather than 
the loss of MAP2 from distal dendrites. 

LIF-induced dendritic retraction was also observed in cultures 
of perinatal neurons that had been treated with OP-1 for 4 (Fig. 
3). 7 (Fig, 2), and 27 (data not shown) d» and the magnitude of the 
decrease in the extent of the dendritic arbor (83, 73, and 75%, 
respecdvely) was similar to that observed in the aforementioned 
12 d cultures (82%). LIF also caused dendritic retraction in 
cultures of aduit sympathetic neurons that had been treated with 
OP-1 for 7 d (data not shown). Thus, it appears that the effeas of 
LIF on dendritic growth remain relatively constant in nature and 
magnitude during development. 

SGrlal observa^ond of LIF-treat«d dendrites 

The response to LiF was further characterized hy examining its 
effects on the behavior of individual processes* Sympathetic neu- 
rons were plated at low density onto gridded coverslips and then 
treated with OP-1- Under these conditions^ it was often possiMe 
to vistialize individual dendrites of these neurons in their entirety 
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Figttrr 4. Cumparisoh of changes in dendritic and axonal length during 
UFMnJuced dendritic retraction. Sympathetic neurons were plated onto 
gndded coverslips and exposed to OP-J (♦» 50 ng/ml) for a total of 9 d. 
On days 5 and 7, some cultures were also exposed to UF (O, 30 ng/mi). 
Identified celts Of regions on the gr>d were photographed daijy to aJlow 
quanfit3tion of dendritic or axonal growth, respectively. Mean ± SEM 
in = 5-12). 

(Fig- 3), and our experiments focused on such isolated processes. 
These processes could be distinguished from axons by light mi- 
croscope criteria such as their diameter, taper, »nd branching 
patterns, and the identity was confirmed io many instances by dye 
injection. 

LIF treatment was begun on the fourth day of OP-1 exposure, 
and cellular morphology was compared at I d intcrvaJs. In control 
culttjrca treated with OP-1 alone, most dendrites (76%) increased 
in length, and the remainder (24%) showed no change during the 
first 24 hr period. In contrast, in cultures treated with the com- 
bination of OP-1 and LIF, only %% of the dendrites elongated 
during the first day, whereas 73% exhibited no net change in 
length and 18% ujtdcrwent retraction- During the second day of 
exposure to UF and OP-1, however, the nature of the response 
began to change: the percentage of dendrites undergoing retrac- 
tion (439b) rose sharply, whereas the number of elongating den- 
drites (2%) fell further. It thus appears that the initial response to 
LIF is an arrest of growth and that several days of exposure to 
LIF are required to induce retraction in most dendrites. 

Serial in^uging revealed that although cell bodies became 
rounded as dendrites retracted, the LIF-trcated neurons ap- 
peared to be healthy (Fig. 3), and cell number remained constant 
(data not shown). Moreover, it appeared that axons continued to 
elongate and generate a more elaborate plexus during LIF treat- 



ment. To quantify the changes in axonal length, the amount of 
axonal growth that occurred in selected areas on griddcd cover- 
slips was examined. Images Avere recorded after 3 d of exposure to 
OP-1 and again after an additional 4 d exposure to OP-1 or the 
combination of OP-1 and LIR Axonal growth was observed in 
both groups, and the rate of increase was equivalent in cultures 
treated with OP-l alone or OP-1 plus UF (Hg, 4). In contrast, the 
size of the dendritic arbor was significantly reduced in Cultures 
treated with both OP-1 and UP as compared with cultures 
treated with OP-1 alone (Fig. 4), It therefore appears that UF 
affects sympathetic neurons in a process-specific manner by se- 
lectively modifying the growth of dendrites but not axons. Con- 
sistent with this hypothesis, it was found that treatment with UF 
decreased the expression of M AP2, a protein found primarily in 
dendrites, without affecting the expression of phosphorylated 
forms of the neurofilament H and M subunits, which are primarily 
axonal proteins (Fig. 5), or i9-tubulin, which is distributed 
throughout the ceil. 

Concontration-0tfect relationships and eonni>ar4son of 
LIF with other cytokines 

Dendritic retraction increased with exposure to greater concen- 
trations of LIF (Fig. 6). Maximum dendritic retraction was ob- 
served with concentrations between 10 and 30 ng/m). The IC^ 
value for LIF-induccd dendritic retraction was —0.3 ng/ml, and 
significant changes in dendritic morphology could be detected 
with concentrations as low as 0.01 rtg/mi. 

To determine whether other members of the lL-6 family of 
cytokines also induce dendritic retraction in sympathetic neu- 
rons, we compared the effects of UF with those of CNTF, IL-6, 
IL-n, and OSM. CNTF (Fig. 2) and cardiotrophin-l (data not 
shown) consistently induced dendritic retraction, and in most 
experiments their effects were equivalent in magnitude to those 
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Figure 5, LI F decreases OP-l-induced M AP2 expression. Cultures were 
exposed to OP-1 (50 ng/ml) for 3 d and then treated with cither OP-1 
alone or OP-1 -f LIF (30 ngAnl) for an additional 4 d. Western blot 
analysis wa» performed to examine expression of MAP2 (280 kDa). 
0-tuhuUn (S3 kDa), and the phosphorylated forms of the H (200 kDa) and 
M (160 kDa) neurofilament sutmnits. The chcroilumine^ccnt autographs 
arc representative of three experiments that yielded similar results. In 
these experiments there was 2.5 i 03-fold increase (n MAP2 expression 
in cultures treated with OP-1 {p < 0.01 vs control). This was reduced to 
a 1.4 ± 0.2-fold increase in cultures treated with UP and QP-l, a value 
that wa5 not significantly different from the control condition. Similarly, 
there were no significant changes detected in the expression of phosphor- 
ylated forms of the M and H neurofilament subunits under any of the 
experimental conditions. Exposure to OP-1 produced a 1.9 ± 0.2-fold 
increase in tubulin expression <; 0.01 vs control)* and this change was 
unaffected hy concomitant exposure to LIF (l.S ± 0.2-fold increase over 
control). 
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Figure 6. Conccntration-cjffcct felarionsjUp for LIF-induced dendritic 
retraction. Cultures of sympathetic neurons were exposed to OP-1 (50 
ng/ml) for 3 <^ and then treated with OF-1 plus various concentrations of 
LI F for an additional 4 d. The number of dendrites per ceU was quantiiied 
after cultures had been tnununostained with an mAb to the nonphospho- 
rylated forms of the H and M neurofilament subunits. Mean ^ SEM 
t« = 30). 



Table 1, ComparisoD of the elTecta of members of the IL-6 (bmlly of 
c^iQidnes on dendritic retractian 



Growth factor 


Dendrites/ceil 


OP-1 


5.fi X 03 


OP 1 + UF 


1.1 :t 0,3'* 


OF-I + CNTF 


1.0 ±0.2'* 


OP-1 + IL.6 


5.7 ± 0.4 


OP-1 + lL-11 


5.3 2: 6.4 


OP- 1 ^ OSM 


4.5 ± 0.4* 



Sympathetic cultyrw were pUted omo polylyjlne-coated covcrsJips, ind non- 
neuronal celts were eUminated by a 2 d e;tpoMirc to antimliottt; o^nu For tlie next 
3 d, cultures were treated wtib 50 ng/ml Subsequently ihty were exposed to 
OP-] alone or in combination with 30 ng/mJ UK CNTF. lL-6. IL-11. or OSM for 
5 d- Cellular mof pbology was analyzed after culture* had been immunosUined with 
an mAb to the noftphosphorylated forms of the H atiU M neurofilament sabwnits* 
Mean ± SEM Qt - 30). 'p < 0.05 and < O-tM)! verau* OP- 1. 

produced by UF (Table 1). In contrast, IL-6 and IL-ll failed to 
induce dendritic retractton, and OSM had only weak effects at 
concentrations up to 30 ng/ml. 

ihvolv ment of the 9p130 pathway In 
dmdrltic retractloti 

Ncuropoietie cytokines exert trophic effects on many types of 
neural cells, and most of these actions are mediated by the 
gpl30/$tat pathway (Ip and Yancopoulos, 1996; Segal and Grcen- 
t>crg, 1996). The finding that several members of this family also 
caused dendritic retraction suggested that the inhibitory effects of 
these agents might also be mediated by this pathway. Four exper- 
iments were performed to test this hypothesis. 

The CNTF receptor complex is a heterotrimer consisting of 
gpl30, the LIF receptor (LIFR), and CNTF receptor a subunit 
(CNTFR) (Ip and Yancopoulous, 1996; Segal and Greenberg, 
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Figure 7. Treatment with PI-PLC revcrws CNTF- but not UF-induccsd 
dendritic retraction. Cultures of sympathctjlc neurons were exposed to 
0P*1 (50 ng/ml) jfor 3 d. Subsequently, some cvltures were exposed for an 
additional 2 d to OP-1 combined with CNTF (30 ng/ml) or LIF (30 
ng/ml). Other cultures were treated with Pl-PtC (1 U/ml) for \ br before 
receiving the aforementioned CNTF or LIF treatments. Cellular mor* 
phology was analysed after immunostaining with an mAb to the nonphos- 
phorylated forms of the H and M neurofilament subunits. Mean :£ $EM 
\n A 30). *p < 0.01 versus OP-1 CNTF. 



1996). The CNTFR specifically confers CNTF responsiveness, 
and it 1$ linked to the cell membrane via a glyoosylpho$phatidy- 
Unositol bond that can be cleaved by PI-PLC In contrast, the two 
subuttits (gpl30 and XJFR) that are required for responsiveticss 
to LIF are tnte^l membrauQe proteins that are unaffected by this 
enzyme. An examination of the effects of PI-PLC treatment on 
the response of cells to these cytokines rcveajed that CNTF- 
induced dendritic retraction was reduced by previous PI-PLC 
treatment, whereas the response to LIF remained intact (Fig. 7), 
These results suggest that CNTF-induced dendritic retraction 
requires the intact CNTF receptor complex. 

We next examined the effects of an antibody (MAB 228) to 
gpl30 on cytpkine-induced dendritic retraction (Table 2). In 
these experiments we used a concentration of LIF ^at produced 
a 39% decrease in the size of the dendritic artx>r. A submaximal 
concentration of LIF was used because the interaction between 
MAB 228 and gpl30 is influenced Ijy the concentration of the 
ligand, and SO inhibition of the LIF response was more apparent 
with concentrations near the ED^a as compared with higher 
concentrations. Under these conditions, antibody to gplSO signif- 



Table 2, Efl^ of antiboity to spi30 on LIF-Induced dendritie 
retraction 

Growth factor Dendrttes/cell 

OP-1 42, ± 03 

OP-1 + LIF 2,6 ±0J 

OP-1 + UF + anti-gpl30 3.5 ± 0.4* 

OP-1 + anti.gpl30 4.2 ± 0.3 

Cultures of (lympathatic nevrons were treated with OP^I (100 ng/hil) for 5 d to 
induce dendritic growth. Beginning on the sixth day, LIF (500 pg/ml), antibody to 
gpl30 (M Ae 228, too Mg/ml), Qt hoth agents ymn added to the OP-t^ntalnlng 
medium of some cultures* Cellular morphology wa« tAvmcd on ttic acvcnth day 
aft«r jmmunostBining whh anttbody to nonpbosphorylated fomn of tlie M and H 
neuroflIan)«nt autnmits. *p < O.QS comparad witb OF-t + LIF treatment. 
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A The effects of soluble IL^6 receptor (j/L^tf/?) on dertdn'Hc 
rciraciHin. Cultures of sympathetic neurons were exposed to OP-t (50 
np/ml> fi}T 3 d. Subsequently, cultures were treated with OP-1 + IL-6 (M) 
"1h>'^* (100 ng/m»), or ^ slL-CR (10 or 100 ng/ml) for an 

iiUdjUonal 4 d. Cellulflr morphology was analyzed after immunostaining 
with a dendntic-speLific antibody (SM 1-32). Mean ± SEM (n = 30). V < 
0.01 versus OP-1 It-6. 




STAT3-© 



ffjur^ 9. LI F induces pbosphoryla rion of stat?. Cultures of sympathetic 
neurons were exposed to OP-1 for 3 d and thcq treated with either UtF 
(30 ng/ml) or lJl-6 (30 ng/ml) for 20 min/Cellular protein^ were analyzed 
by Western b(ot using an antibody against the phosphoryUted fotim of 
stai3, Siat3 had an apparent molecular weight of 92 kDa. The chcmilu- 
minescent autographs arc representative c( three experiments that 
yielded similar results. 
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icantly attenuated the dendritic retraction induced by either UP 
(Table 2) or CNTF (data not shown). 

The receptor complex h also a hcterotrimcr that consists 
of two gpl30 «ubunits and a third subunit called IL-6R (Ip and 
Yancopoulous, 1996; Gadient and Otten, 1997). Because sympa- 
thetic neurom are known to express gplSO in culture, it seemed 
possible that the failure of these neurons to respond to IL-6 
reflected a low level of expression of the IL-6R (Marz et ah, 
1998). This hypothesis was tested by adding back to cultures a 
recombinant soluble form of the 1L-6R that is known to be 
capable of fonwing effective signaling complexes with gpl30 
(Saito et al., 1991; Marz et ah, 1998). Neither IL-$ nor the soluble 
IL-6R alone had effects on dendritic morphology (Fig. 8). How- 
ever, the combination of both proteins caused a profound inhibi- 
tion of dendritic growth, in terms of both the number of dendrites 
per cell and total dendritic length. 

Finally, the effects of neuropoietic cytokines on stat3, a tran- 
scription factor involved in gpl30 signalixxg, were examined, Cul- 
tures of sympathetic neurons were exposed to OP-1 or the com- 
bination f OP-1 with LIF or IL-6 for 20 min. CeUular prx?teins 
were then harvested and immunoblotted with an antibody that 
reacts with the phosphorylated form of 5tat3, UF, which is able to 
induce dendritic retraction, caused sigoiificant phosphorylation of 
stat3, whereas IL-6, which docs not affect dendritic growth, was 
inactive (Fig. 9). Similarly, when cells were immuDOStained widi 
this antibody, it was found that there was a prominent nuclear 
translocation of phosphorylated stat3 in LIF- or CNTF-treatcd 
cells and that this was absent in control or IL-6-treatcd ceils 
(Fig. 10). 

blSCUS8ION 

Many molecules have been shown to inhibit the growth of axons 
CLuo and Raper, 1994; Tessier-Lavigne and Ooodraan, 1996) and 
dendrites (Mattson, 1988; LaFont et al., 1994; Ouo ct al., 1997; 
McAlUster et al., 1997). In contrast, less is known about the 
agents that cause neurons to eliminate existing processes (Snider 
and Lichtman, 1996). Our data indicate that LIF and CNTF 
cause sympathetic neurons to retract most of their dendrites. 
Cytokine-induced dendritic regression was observed in cultures 



Figure IQ, LIF and CNTF induce nuclear translocation of stat3. Cul- 
tures of Kympathetic neurons were exposed to OF-1 (50 ng/rnl) for 3 d (A) 
and then treatetj for 20 min with 30 ng/ml LIF {B\ CNTF (Q, or IL-6 
(O). Culture; w^re then fixed and immunostained with an aatibody to 
phosphorylated forms of 5tat3. The sutKcJIular localization of stat3 was 
examined in a (onfocal microscope u»ing 1 /im opdcal sections. Scale baj, 
SO fon. 

lacking non-neuronal cells, indicating a direct effect of these 
agents on neurons. Moreover, dendritic retraction was not accom- 
panied t?y changes in cell number, axonal growth, or the expres- 
sion of axonal cytoskeletal elements. These data indicate that UF 
and CNTF can modify cell shape in a highly selective maimer 
and thai they therefore have the potential to function as 
morphogens- 

Dendritic growth has been studied extensively in sympathetic 
ganglia (Furves et al., 1988), and its regulation appears to be 
multifactorial. Previous studies have shown that OP-1 and related 
bone morphogenetic proteins induce dendritic growth in sympa- 
thetic neurons (Lein et ah, 1995) and that NGF is required as a 
cofactor for this activity (Snider, 1988; Lein Ct al., 1995). In 
addition, there are at least two classes of molecules, neuropoietic 
cytokines (Guo ct al., 1997) and retinoids (V. Chandrasekaran 
and D. Hfggsns, unpublished observations), that can inhibit the 
initial extension of these processes. The current study suggests an 
additional level of complexity in the regulation of the morpho- 
logical development of these cells by demonstrating that there are 
also agents that can cause dendritic regression* The latter type of 
interaction could have profound effects on cell shape, and there is 
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reason to believe that it may occur in vivo. Sweat glands secrete a 
CNTF'Iike molecule thai determines the neurotransmitter phe- 
notypc of the sympathetic neurons projecting to this tissue, and 
the actions of this molecule are mimicked by LIF and CNTF 
(Patterson and Nawa, 1993; Patterson, 1994; Landis» 1996). Be- 
cause the concentrations of neumpoietic cytokines required for 
dendritic retraction are siftnilar to those eliciting changes in the 
synthesis of neurotransmitters, it is probable that sufficient sweat 
gland factor reaches the inncrvatjung neurons to alter their den- 
dritic morphology. In addition, sympathetic neurons are also 
exposed to other sources of ncuropoietic cytokines during normal 
development, including cardiotrophin-1 from the heart (Pennica 
et al, 1996), CNTF from glia (Ip and Yancopoulos, 1996), and an 
autocrine supply of UF (Cheng and Patterson, 1997) and IL-6 
(Marz et al., 1998). 

Cy tokinc-induced dendritic rctracrion may also occur as part of 
the injury response of sympathetic neurons, Axotomy of superior 
cervical ganglion neurons leads to large and rapid increases in the 
synthesis of LI F (Banner and Patterson. ]994; Curtis et al., 1994; 
Sun et aL, 1996) and IL-6 (Oadient and Otten» 1997). and the 
change in LIF expression is sufficient to induce changes in the 
neurotranstnittcr status of these neurons (Rao et aK, 1993). Axq- 
tomy also causes dendritic retraction in sympathetic ganglia 
(Pwrves, 1975; Yawo, 1987). It is generally thought that this 
dendritic atrophy occurs because the injury deprives the neurons 
of their target^derived trophic factor, NGF (Purves et al., 1988), 
This idea is largely based on the observations that NGF depriva- 
tion causes dendriltc atrophy (Ruit ct al., 1990) and that admin- 
istration of NGF reduces some of the effects of axotomy (Purves 
and Nja, 1976). However, it has not been directly demonstrated 
that NGF alters the effects of axotomy on dendritic retraction in 
sympathetic ganglia (Yawo et al., 1987). Our data suggest that 
there is an alternative or parallel pathway that can cause dendritic 
retraction. If this is the case, then injury-induced dendritic re- 
gression reflects not only separation from the target tissue but 
also the effects Of pro-inflammatory cytokines. This proposition 
can be tested directly using transgenic mice lacking the LIF gene 
(Escary et al, 1993). and under these conditions it will be of 
interest to determine whether axotomy-induced dendritic retrac- 
tion is also reduced in other neural populations, including spinal 
motor neurons (Sumner and Watson, 1971). 

Dendritic regression occurs in many neurodegenerative dis- 
eases (Lambert et a!^ 1975; Takashima et al., 1989; Flood and 
Coleman, 1990; Patt et al., 1991: Masliah et a!., 1997). and this is 
often associated with increased synthesis of ncuropoietic cyto- 
kines (Patterson, 19^4; Patterson, 1995; Gadient and Otten, 1997; 
Murphy ct al., 1997), For example, IL-6 is markedly elevated in 
the nigroslriatal region of Parkinson's patients (Mogi et aL, 1994), 
and it is also found in the ^ amyloid plaques characteristic of 
Alzheimer's disease (Bauer ct aL, 1991; Strauss et aL, 1992; Hull 
ct aL, 1996). It is possible, therefore, that ncuropoietic cytokines 
contribute to the dendritic atrophy observed in neurodegenera- 
tive diseases* In this respect, it is important to note that the effects 
of neuropotetic cytokines are dominant, i.e., they cause dendritic 
retraction even in the presence of optjinai concentrations of OP-1 
and NGF. Moreover, their effects are not surmounted by increas- 
ing the concentration of either of these trophic factors (D. Hig- 
gins, unpublished data). If this is also true ih vivo, this would 
mean that in some degenerative disorders, admimstration of 
neurotrophic factors by theraselvBS may fail to reverse the den- 
dritic atrophy and that adjunctive agents that interfere with the 
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synthesis or activity of cytokines may be required (Carlson Ct al 
1996; Gadient and Ottcn, 1997). 

Neuropoietic cytokines affect sympathetic neurons in a com- 
plex manner. They alter the proliferation and survival of these 
cells (Emsberger ct al., 1989), stimulate axonal sprouting 
(Thompson and Majithia, 1998), and induce changes in important 
aspects of their phenotype such as the neurotransmitter status 
(Patterson and Nawa, 1993; Landis, 1996) and expression of 
transmitter receptors (Mchler and Kessler, 1997). In addition, 
neuropoietic cytokines can exert regressive effects on sympathetic 
neurons by inhibiting dendritic growth and causing resorption of 
these processes (Guo et aL, 1997). At cenain stages of develop- 
ment, they also cause cell death (Kessler et aL, 1993; Kotzbauer 
ct aL, 1994). Thus, ncuropoietic cytokines resemble netirctro- 
phins in that they have pleiotropic effects On sympathetic neurons. 
Neurotrophins use two classes of receptors: the trk proteins that 
have been found to have primarily trophic effects (Ip and Yan- 
copoulos, 1996) and the p75 receptor that can cxcrt either positive 
or negative effects, the latter including cell death (Carter and 
Lewin, 1997). It seemed important, therefore, to determine 
whether a single signaling patlnvay mediates both the trophic and 
regressive effects of the neuropoietic cytokines on sympathetic 
neuronSv 

Cultured sympathetic neurons have been shown to express 
major components of the gpl3(Vstat pathway, including gpl30, the 
LIFR. and the CNTFR (Wong et al., 1995), and strong evidence 
indicates that this pathway mediates the effects of cytokines on 
neurotransmitter status (Habecker ct aL; 1997; Marz ct a|., 1998). 
On the other hand, evidence for the involvement of gpl30/atat io 
regressive actions of these cytokines has derived primarily from 
the observation that CNTF-induced Cell death was prevented by 
treatment with a phospholipase known to have the capacity to 
cleave the glycosylphosphatxdyUnoftitol linkage that attaches the 
CNTFR to the membrane (Kessler et al., 1993). Our experiments 
confirm this previous observation by demonstrating that phospho- 
lipase treatment also specifically blocks the effects of CNTF, but 
not LI F, on dendritic retraction. The fact that a single phospho- 
lipase treatment caused only a partial reversal of CNTF effects 
probably reflects the subsequent reappearance of a new CNTF 
receptor on the plasma membrane during the next 48 hr in vimo« 
although this was not tested directly. However, subsequent exper- 
iments demonstrated that an andbcxly to gpl30 blocks LiF- 
induced dendritic retraction, that the phosphorylation and nu- 
clear translocation of stat3 precede the morphological changes, 
and that exposure to soluble IL^R endows rL-6 with the ability 
to induce process regression. Because the IL-6R is known to bind 
to gpl30 (Taga ct al., 1989; Mackiewicz et aL, 1995), these 
observations strongly suggest that the gpl30 pathway is involved 
in dendritic retraction. 

In summary, our data identify a new activity of cytokines that 
activate the gpl30 pathway and suggest that these mediators may 
function as neural morphogens. In addition, because dendrites 
are the primary site of synapse formation in vertebrates and 
t>ecause these agents cause their retraction, the data raise the 
possibility that neuropoietic cytokines could be invoWed in syn- 
apse climinadon. 
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EXPRESSION OF INTERLEUKlN-6 RECEPTOR, LEUKEMIA INHIBITORY FACTOR 
RECEPTOR AND GLYCOPROTEIN 130 IN THE MURINE CEREBELLUM AND 
NEUROPATHOLOGICAL EFFECT OF LEUKEMIA INHIBITORY FACTOR ON 

CEREBELLAR PURKINIE CELLS 

Y. MORIKAWA,*t K. TOHYA^t S. TAMURA,* M. ICHIHARA,§ A. MIYAJlMAll and B. SENBA» 
*Deihiitiiicnt of AnatoiDy and Neurobiology, Wakayama Medical School, 8U-1 . KimiidcTB, WajMyamatrlty, Wakayima^ 641-0012, Japan 
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Abstract — Expression of glycoprotem 130 and the related receptors, including iiiterleulcin-6 roccptor and leukemia inhibitoty 
f&crtOT receptor, was examined m the murine cerBbellum at the protein levcL Western blot analysis revealed diat interleukin-6 
receptor, leukemia inlubitoty factor receptor and glycoprotein 130 were expressed in the murine cerebeUiun. Immmioceactivitxcv 
for interleukin-6 receptor, leukemia itvbibjtory factor receptor and glycoprotein 130 were strongly localized on the cell body of 
Puricinjc cells. Indicating that both interleu|gun-6 and leukemia inhibitcuy factor could act directly on Purkinje cells in murine adult 
mice. Ttie expressions of interleukiii-6 receiptor, leukemia inhibitoiy factor receptor and glycoprotein 130 were observed on the cefl 
Tnembianes of Purkinjc cells by immuiwclectron microscopy. ImmuDorcactivity fox the lnterleukin<« receptor was also detected in 
the cytoplasm of f^2rkinje cells, tajecdon of a mamt hemopoietic cell line. FDC-Pl cells, tramfectcd with the con^lcMotaiy 
DNA encoding the leukemia inhibitory factor led to a reduction in calbindiD-positive dendrites of the Pdikin>e cells. 

The present results suggest that the leaV^mia inhibitory factor affects cerebellar functions through Puildnje cells. O 2000 IBRO. 
Published by Elsevier Science Ltd. All lights reserved. 

Key worsts: dendrites, catbindin, engrafl, FDC-Pl, cytokiiies. 



Hematopoiesis and itnmunc reactions are regulated by a 
complex nctwofic of stromal interactions ajod cytokines. 
These cytokines are produced by various types of cells, either 
constitutively or inducibly in response to hematologic or 
immunologic stimulation, and exert vajying actions.' 
Although these cytokines show no significant amino acid 
sequence homology, they share a number of similarities in 
both structure and function. Among those cytokines, inter- 
Jeukin-6 (IL-6), leukemia inhibitory factor (LIF), 
oncostatin M (OSM), ciliary neurotrophic factor (CNTF) 
and cardiotrophin 1. (CTl) are a family of cytokines sharing 
many biological effects and playing important roles in repro- 
duction, neural function and bone remodeling, in addition to 
hemopoiesis and immune responses. " Cloning of these recep- 
tor genes and reconstitution of the high-affinity receptors for 
th se cytokines have provided a molecular epcplanatioD for 
their common biological functions;^ "*^*^*^*^ they act via 
receptor complexes that contain glycoprotein 130 (gpl30), a 
subimit of the signal transducing protein.^ 

In addidon to the mRNA expression of IL-6 and LIF^"*^ 
that of their receptor subuniis, ILr6 receptor (IL-6R), LIFRp 
and gpl30» in the rat CNS was demonstrated using an in situ 
hybridization technique; IL-6R mRNA and gpl30 mRNA 
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CSP. granulocy^macrophage-colony-stimulating factor: gpl30, glyco- 
protein 130;, Ig, immunoglobulin; IL, tnterieuldn; LIF* leukemia inhibi- 
tory factor, OSM, oncosiatin M; PBS, phosphate-buffered saline. 



were detected in the granular layer, but LIFRp mRNA was 
demonstrated in the Puridnje ceUs,^*^***'^ These findings 
suggest that the LIFR0 expressed on the Purkinje cells is 
not functional under normal conditioi^ because the functional 
receptor for LDF consists of two subunita, UFKp and gpl30. 
Recent! y^ Nelson et aL showed the exp^ssion of IL-6R and 
gpl30 in Puridnje cells using immunohistocheraxstty,^* In 
addition, cciBbellar Purkinje cell abnormalities were shown 
in transgenic mice with cerebral overexpression of IL-6,' 
suggesting that IL-6 exerts its effects on the Purkinje cells 
through IL-t^R and gpl30 expressed on those cells. However^ 
the expression of UFR^ in the cerebellum is still imclear: no 
cerebellar abnormalities were reported in nuce lacking the 
LIF* or LIFRp,'* in spite of the expression of LIFRp 
mRNA and gpl30 in the Purkinje cells.^'' The cellular co- 
localiration of LIFRP with gpl30 at the protein level shotdd 
be analysed to elucidate whether or not the LIFRP expressed 
on the Purkinje cells is functional. Such an analysis could help 
to further characterize the cellular targets of these cytokines 
and to understand their functional roles. Therefore, in this 
study, we examined the localization of IL-6R» LIFRp and 
gpl30 in the cerebellum by inmiunobistochemistry, and the 
LIF"induced morphological changes in the muiine cerebellum 
by injecting LIF-secreting cells. 

EXmUMBNTAL PROCEDURES 

Animals 

Six- to nincs-wcclc-old 0ALB/C and DBA/2 male mice wens 
purchased from Nihon SLC (Shizuoka, Japan). Mice were 
under standaj^dj^ed ho^ising condidons (relative humidity 65—75%, 
ten^>eiBture 21-i4'*C) with a 12-h Ugbt/daric cycle Qigbta on at 
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06.00) and fed mouse peUet» and tap water ad Ubitum. All amxnal 
experiments were carried out in accordance with the NaUanal In&tituic 
; of Health Guide for the Care and Use of J-aboratory Animals (NIH 
Publications No. 80-23) revised 1978. All cfifoits were made to mini- 
mize animal suffering aiid to reduce tjic number of animals used. 

!mmunohistochtmUtry 

Tissue ^jecimcas were fixed in 4% parafonnaldebydc and 
embedded in an OCT compound. $ix-micromcter sections were 
prepared for immunostaining for LIFR0 and gpl30 using an 

izidirect immunoperoxidase technique. Twenty micjometer sections 
were used for imnxunostaining for calbindin. In brief, secticm» were 
tieated with normal goat serum (DAKO, Carpinte^ja, CA) and incu- 
bated with anti-lL-6R. anti-UFRp, anti-gpl30 (Santa Cru2 Biotech- 
nology» Santa Grvr. CA) and anti-calbindin (Cbemicon, Tcmccula* 
CA) at a dilution of 1;1000 overnight at 4**C Then, tiicy were incu- 
bated with peroxidase-conjugated anti>rabbit immunoglobulin (^)G 
antibody (EnVision Plus. DAKO) for I b. After washing, the peroxi- 
dase reaction wa« developed with 0.06% 3-amino-9^tfaylcarbazole in 
0.05 M Tris buffer (pH 7.7) containing 0.03% hydrogen peroxide. 
Hematoxylin was used for covnterstaining. The foUowing controls 
were performed: (i) incubation with protein A-purified rabbit IgG 
instead of the primary antibody; (ii) incubation without the primary 
antibody or without primary and secondary antibodies; and (iii) incu- 
bation with the respective antigenic peptides (1:10 dilution, $anta Cruz 
Biotechnology) used to produce the primary antibodies prior to stain- 
ing with them. All cxmtrols revealed no labeling. 

Irmrumoclcctron microscopy 

Mice were fixed by transcardial pejcfiuion of cold pcriodate-lysine- 
paraformaldehyde solution, and the brains were removed. These were 
snap-frozen by n-hexarse precoolcd in dry ice-acctcme. Frozen ^e^ons 
<6 >un thick) were cut in a cryosut, placed onto glass slides and stained 
viA an iTKllxect method with anti-IL-6R, anti-LIPR^ and anti-gpl30, as 
the first aiUibody. For the negative control, the sections were incubated 
with protein A-purified rabbit IgG instead of the primary antibody. 
After immunostaining, the sections were postiixed with 1% glutaral- 
dehyde and t% osmium tetroxide solutions, dehydrated in graded 
ethanol and embedded in Quetol 812 (Nishin EM, T6kyo« J^»^). 
Ttwy were detached from the slides after polymerization of the lesin. 
Ultiathin sections of individual samples were cut with an ultramicro- 
tome (Ultracut N« Reichcrt^Jung. Austria) and examined in a transmis- 
sion electron microscope (JEM-I200EX, JEOL, Tolryro, Japan). 

Wtsttm bU>t analysis 

Tissues were immediately placed in RIPA buffer (Bochringer 
Mantiheim, Indianapolis. IN) and homogenized. Twenty microliters 
of sample buffer (62.5 mM Tris-HCI, pH 7.0, 2,0% sodium dodecyl- 
Bulphate, 10% glycerol, 0.0025% Bromophenol Blue and 5% 2- 
mercaptoethanol) was added to each 5 [xXof sample and this was boiled 
for 5 min. Equivalent amounts of protein detcrmiiMd spcctrophoto- 
ibetrically from each sample were resolved on 8-16% gradient sodium 
dodecylsulphate -poly aery lamide gels. Resolved proteins were trans- 
ferred to nitrocellulose membranes (Amervham, Arlington Heights. 
IL). using a semidry blot system. Blots were blocked at \n 5% 
flornmt donkey serum (Santa Cruz) in phosphate-buffered saline 
(PBS), pH.7,4 overnight, and then probed for t h at room temperature 
using the aAti-IL-6R, anti-LIFR3 ai\d anti-gpl30 antibodies diluted to 
0.2 jJLg/ml in PBS containing 0.5% bovine serum albumin (BSA). After 
washbig, the blots were incubated for 1 h at room temperature with 
peroxidase-labeled donkey anti-rabbit IgG (1:5000; Amersham) in 
PBS containing 0.5% BSA. Detection of labeled proteins was per- 
fbmied usmg chetitiluminescence (ECL detection reagents. Amarsham) 
according to the manufacturer's instructions. 

Construction of the leukemia inhibitory factor-producing cell line 

We constmcted LiF-producing cells as described previously.*'*^ In 
brief, a Pstl-Xhol fragment of murine LIF cDNA was ligated into the 
Xho! site of pMEI8$-neo, which was linearized at the Seal site. 
Continuous hemopoietic cell line FDC-Pl cells (FD cells), which are 
not kukemogenic and are dependent ftw proliferation in vitro on 
stimulation by granulocyte-macrophage-colony-stimulating factor 
(GM-CSF) or IL-3, were washed with 20 mM HEE^-buffered saline 



(pH7.1) and resuspcnded ai 10^ cells per ml. Fifty micrograma of 
linearized plasmid DNA was added to O.d ml of the cell suspension 
m a 0.4 cm electroporation cuvette (Bio-Red, Hercules, CA). Electro- 
pwfttion was performed using a Gene Pulser (Bio-Rad) at 960 tnF and 
400 V. After 24 h of izicubation, transfectants were selected with G4i9 
(GIBCO-BRL Life Technologies* Tokyo, J^wn) at a ooncenttaiioii of 
1 mg/inl. After selection for two weeks, stable mnafectants were 
subcloned and analysed for high expression of LlF recombinant 
proteins by enzyme-linked inmnunosoibent assay. Cloned lines of FD 
cells producing high levels of UP (PD/UF cells) were growit in 
complete n^edium supplemented with 800 ^g/ml of G418, 



injection of cells 

DBA/2 mice were injected intravenously with 1 X 10* of mock- 
transfocled FD cells (four mice) or IX 10^ of the highest UF-prodtM^ing 
FD/UF subline (four mice) weekly. Two months later, mice were 
killed to perform histological analysis. Tissues were treated a$ 
described above. 



Quantitaiiv^ annfysis of morphological changes In cereMtar Purkir^e 
tells 

Parasagiual sections of the cerebellum, stained immuiKihistacbemi- 
cally for calblndin, were used to measure the percentage area occupied 
by calbindin'tmmunoreactive dendrites in the molecular layer of the 
cerebellum as described by Walsh et al.^^ Digitized images of brain 
sections were captured diiectiy from a light microscope with a 40x 
objective magnificatiaQ. The density of call^ixidin-immunoceactive 
dendrites in the molecular lay« of the cercbclluro wa£ quantified 
using an image analysis software package (Personal Image Analyzer, 
ATTO CoTp., Tokyo, Japan). The per cent area was calculated by 
divtdiitg the area of calbindin-immunoieactive dendrites by ibe area 
of the molecular layer of the cerebellum being measured. Ten 
randomly selected regicws of the molecular layer of the cerebellum 
were analysed per slide m four sections per animal, in four animals 
per condition. Statistical analysis was performed using the Smdent*$ 
/-test. 



RESULTS 

Western blot analysis 

To examine the protein expression of IL-6R, LIPR^ and 
gpl30 in the murine cerebellum^ its solubilized proteioia were 
analysed by sodium dodecylsulphatc-polyacrylamidB gel 
electrophoresis. As shown in Fig. 1^ bands coiresponding to 
IL-(5R (80»000 raol. wi), LIFRp (190,000 mol. wt) and gpl30 
(130,000 mol. wi) were detected in the adult murine cenebcl- 
lunL These receptors were also detected in the murioe ceje- 
bium, althQugh the degree of expression was variable (data 
not shown). These findings suggest that the proteins of these 
receptors exit in the adult murine brain. 



Immunohisrochemical staining 

To determine which cells expressed IL-6R, LIFRp and 
gpl 30 in the cerebellum, we performed iimnunohlsto- 
chemical staining. As shown in Fig. 2, the Pujrldnje cells in 
the cerebellum exhibited intense immunostaining for these 
receptois. The somata of the Purldnjc cells wm clearly viable 
in all of the immunostained sections, but staining for these 
feceptors in the granular cell layer was very faint (Fig, 
C). Punctate staining was seen in the molecular layer^ which 
may have been the dendrites of the Puridnje cells (Rg. 2A- 
C). Fibers within the cerebellar white matter were also stained 
with the anti-IL-6R antibody, which may represent Puridnje 
cell axons (data not shown). 
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Bg- 1 . WMtem blot Of the receptor subumte. UPR and g>l30, in murine ocwbellum. Majrken are b9 sbowii. Ten micrograms of pfotems wb8 loaded 
oa» each Unc, and wcsiot blomng was performed as described in Btperimcntal Procedinc?. After WottiDg, the membrHac* were incubated with polyclonflj 
atthbodics agamBt LIFR and gpl30. The sample* treated with prcioHnunc sera w*w used as negative controls. Arrows indicate the poalUoa of 

LIFR and gpl30. respectively. 



Jmrmmoelectron microscopic analysis 

To confinn the ujtrastructural localization of IL-6R, IJFR0 
and gpl30 molfccules in the Purkinjc cells of the cerebellar 
cortex, wc pexfomied inamiinoelectron njicroscopic staining 
using the antibodies against each ittolecule. The immuno- 
reactive sites of the IL-6R, LIFRp and gpl30 molecules 
were observed on the cytoplasmic membranes of the Puildnje 
cells in the cerebellar cortex (Bg. 3A-C). The reactivity of 
each molecule on Che membrane was relatively weak, but 
significant compared with the negative control staining (Hg. 
3D). The immimoreaciivity of IL-6R and gpl30 on the 
Purldnje cells was not only on the cell membrane, but also 
shown in the cistcmae of the rough endoplasmic reticulum in 
the pericytoplasmic region, and in a part of the cytosol with a 
diffuse pattern. Other organelles in the cells did not show any 
reactivity witti the antibodies. Hjus, both IL-6 and XiF may 
have some effects on cerebellar Purkinje cells in adult mice. 

Effects of leukemia inhibitory factor in the cerebellum 

To examine the efifects of LIF on the murine cerebellum, 
we injected FD cells or FD/LIF cells intravenously into 
syngeneic rnice. As described by Meicalf,^ recipients of 
FP/LIF cells exhibited weight loss (recipients of FD cells 
(four mice): 22.0 ± 0.5 g, recipients of FD/LIF cells (four 
mice): 18.5 ± 0,8 g], as well as calcification in heart and 
skeletal muscles and atrophy of thymus. No macroscopic 
abnormalities were found in the CNS of either recipient 
group. Microscopically, a few of the engrafted FD or FD/ 
LIF cells infiltrated to the surrounding area of some micro- 
vessels in the brain of both mice. No obvious changes in brain 
parenchyma were observed in the sections with conventiotial 
staining except for the alteration of cerebellar Purkinje cells; 
atrophic changes were seen in some cerebellar Purkinje cells, 
but neovascularization, which is a striking feature in glial 
fibrillary acidic protein (GFA3P)-IL-6 transgenic mice,* was 
not detected (Fig. 4). To examine the alterations of the 
Purkinje cells, inwxiwnostaining for calbindin was performed 
on the murine cerebellum. As shown ui Fig. 4, calbindin- 
immunoreactive dendritic processes of the Purkii^e cells of 
the recipients of FD/LIF cells showed reduced calbindin- 
immunoreactivc dendrites, compared with those of FD cells. 
In addition, the percentage area occupied by calbindin- 
immunorcactive dendrites in the molecular layer of the cere- 
bellum in FD-injcctcd and FD/LIF-injected mice was 



measured. The per cent area occupied by calHndin-immuno- 
reaciive dendrites in FD/LIP-injected mice was significantly 
lower than that measured in FD-injected mice, as shown in 
Table L These findings suggest that LIP plays a role in the 
alterations of the biochemical nature of cerebellar Purkinje 
cells, including the reduction of calbindin in the dendrites of 
Purkinje cells. 

DISCUSSION 

The IL-6 i^mily of cytokines includes IL-6, UF, IL-U, 
OSM, CNTF and CTI, which are known as important 
mediators of infiianimation and immune responses in various 
tissues including the CNS.'*^ Recently, it was repwted that 
these cytokines also play a role in netiral development.^^ 
Moreover, some tDvestlgators reported that some such cyto- 
kines were produced in the CNS of normal adult rats; mRNAs 
for n--6, LIF atul CNTF, have been detected in the normal 
brain. In contrast to the rat» no IL-6 mRNA was 

detected in the brain of normal mice.^ 

A unique feature of this cytokine family is that the recep- 
tors for these cytokines consist of a ligand-speciHc receptor 
and a common signal transducer, gpl 30. This unique recep- 
tor system could well explain the functional redundancy of 
the cytokines. In addition to the Ugands, several previous 
studies have provided information about the mRNA localiza- 
tion of such receptor subunits in the rat brain. "•^**^*-** 
However^ the cerebellar localization of these receptor sub- 
units is still controversial. Studies using in situ hybridization 
found that the expression of both IL-6R and gpl 30 was 
detectable in granular cells of the cerebellum, although 
LIFR^ was expressed in cerebellar Purkinje cells. 
However, if LIF has a functional role through LIFR3 in die 
cerebellum, both LIFR3 aud gpl 30 should be located in die 
same cells because the jfimcdonal receptor for UF consists of 
a hcterodimer of UFRp and gpl 30.** In GFAP-IL-6 trans- 
genic mice, in which IL-6 is ovcrexpressed imder the regula- 
tory control of the GFAP gene promotor in the CNS. the 
dendritic processes of cerebellar Purldnje cells are tonuous 
and dilated and showed 50% less branching than those in 
controls/ with no abnormalities in granular cells of ttie cere- 
belltmi. Hiis indicates that both IL-6R and gp 1 30 may exist in 
murine cerebellar Purkinje cells. To address this issue, we 
examined the localization of IL-6R, LIFR^ and gpl 30 in 
the murine cerebellum in the present study, and revealed 
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2n" m''^^ sltcranouB m the cerebellum of FD/UF-jDj«ted mice. Parawgittol section* ftwn mice intwvertously injected with FD cells (A. C) or FD/UF 
^i^ ^ =^«n (A. B) and anti-caJbiml«» antibody (C. D) by the indirJt ictbod aa described h^^^^ 
K« ^ '^"Jf in FD/j-iF-injcc.^ mice (anowhcada) are atrophic (B). Ininunottaifliflg using and^bindin antibS^Vr^Ted 
that the btanching of caibindin-positivc dendrites of iMrkinjt ccUs is i«hiced by the injection of highly UF-producing ccUs (D). m, m^lS Uyen p. 

Furidnjc cell layer; g, granular layer. Original magmfication, x 285. 



that the proteins of these receptors were expressed in the 
Purkinjc cells. Recently, Nelson et al also showed that 
Pufkinje cells express high levels of both IL-6R and gpl30, 
suggesting that IL-6 could act directly on Piutdnje cells to 

Table I. Quantitation of calbindin-immunoicactive dendrite density In the 
molecular layer of cerebellum of FD- or FD/Up-lnjectcd mice 



% area occupied by 
ciUbindin-immuDoieactive 
dendrites 



FD-izijccted mice (/» — 4> 43.0 ^ 5,77 

FEVLU'-it^jected mice (" = 4) ?! 8 * 2*77 * 



The area occupied by the Pwkirtjc ccOl dendritic tree was ineas^ 
sagittal Cerebellar sections of FD- Or FD/UF-inJectcd mice processed for 
anti-calhiiidiD immuDOcytochexxiistry. Data are presented as mean ± SD 

♦J* < 0.001. 



alter their physiological properties.^ From these findings, IL- 
6R, LIFRp and gpl30 are thought to be expressed la cerebel- 
lar Purkinje cells, on which their ligands may have some 
effects. Because it is well known that IL-6 and UF exhibit 
soioe overlapping biological functions in hematc^tic and 
neuronal cells, i^>*^^o ^^^^ and UF hi the 

development of murine Puikinje cells could be redundant, 
which may explain for the absence of cerebellar aljnonijaljities 
in IL-6-deficient or LIFR^-dcf|cient mice,"-^ 

Next, we intravenously injected highly LIP-secretiiig cells, 
FD/LIF, into adult mice to exanjine whether their cerebellar 
alterations mimic those in GFAP-IL-6 transgenic mice, 
because of the functional similarities of lL-6 and LIF and 
their common nnuechanisms of signal transduction,^ Ectopic 
exptession of LIF in mice injected with FD/LlF reduced the 
calbindin-positive dendritic processes of the cerebellar 
Purldcje cells. Although this alteration may reflect cidter a 
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reduction in calbiodin in the dendrites or the xetrBCtion of 
dendrites, we consider that the latter Is mott likely for Che 
following reasoos- The reduction in dendrite branching is also 
found in GFAP-IL-6 transgenic mice^. LIF causes rat sympa- 
thetic neurons to retract their dendrites in vitro^ and addition 
of soluble IL-6R to the medium gives IL-6 the ability to cause 
dendritic regression, as recently reported by Guo et aO^ In 
addition, the same morphological alterations as Puikinje cells 
of FD/LIF-injectcd mice were recently observed in those cells 
of mice lacking the rev-erbAa orphan receptor without any 
obvious phenotypes of the behavior.^ 

Neovascularization and astrocytosis, as found in GFAP-IL- 
6 transgenic mice, were not obvious in FD/LIF-injected 
mice,^ in spite of a similar alteration in the Furkinjc cell 
dendrites. Neurologic behavior characterized by ninting. 
tremors, ataxia and seizures was also obscure in the latter. 
These differences between GFAP-lL-6 transgenic mice and 
FD/LIF-injected mice may result from the developmental 
stages in which the mice were e^iposed to excess of these 
cytokines for the first lime; in GFAP-IL-6 mice, exposujc 
of 11^6 starts in the neonatal stages, but in FD/UF-injected 
mice, UF affects mature Puikinje cells in the adult stage. The 
concentration of such cytokines may also be different between 
these animals. In addition, the signaling pathways for LIF 
may be different from those for IL-6. Hermanns et al.^^ 
recently reported that the signaling acdvity induced by 
heterodimerization of LIFR$ and gpl30 is less pronounced 
relative to that induced by gpl30 homodimcrization. This 
may explain why the FD/LEF-injected mice did not exhibit 
the severe neurologic symptonM that developed in GFAP-IL- 
6 mice. 

When FD ceils and FD/LIF cells were injected intra- 
venously into syngeneic micc» these cells accumulated in 
the marrow, spleen and lymphoid tissues. There was a marked 
elevation of circulating LIF levels in the recipients of FD/LIF 
cells, but no elevation of LIF production or serum LIF levels 
was seen in control mice injected with FD cells. ^ Thus, the 
morphological changes in cerebellar Purkinje cells which we 
observed in FD/LIF-injected mice may either have been the 
consequence of the direct action of LIF on them or have been 
mediated indirectly by some LBF-induced products. Although 
this issue remains to be clari^ed, we consider the former 
more likely for the following reasons. First, it has been 
reported that many cytokines, including n^l, tumor necrosis 
factor alpha, insulin-likc growth factor 1 and basic fibroblast 
growth factor, injected intravenously can enter the brain by 



either the blood-cerebrospinal fluid or blood-brain inter* 
faces,^^-^-^' ^^e it remains unclear whether UF injected 
intravenously ca^^ cross the blood-brain barrier. In addition* 
the exxgrafted FD/UF cells infiltrated to the surrounding area 
of some nfiicrovessels. It is possible that circulating LIF 
produced by FD/LIF cells or LIF produced by infiltrating 
FD/LIF cells affects cerebellar Puikixije cells. Second, LIF 
causes the retraction of dendrites of neurons in vitro 
Third, as shown in the present study, both components of 
the LtF receptor, LIFR3 and gpl30, exist on the plasma 
membrane of cerebellar Purkinje ceUs and morphological 
changes in Purkinje cells in mice injected with LIF-producing 
cells resemble those of neurons exposed to LIF in vitro,^^ 

What arc the roles of IL-6 and LIE in murine cerebellar 
development in the embryonic and adult stages? As described 
above, the cerebellar development of JL^6-deficient or 
LIFRp -deficient mice is normal, but targeted disruption of 
gpl30 leads to embryonic lethality. '•^•^ These findings 
and our data, taken together, suggest that either 11^6 or LIF, 
having redundant roles, is necessary for the development of 
cerebellar Puridnje cells. However, ituce in which gpl30 was 
postnatally inactivated do not exhibit cerebellar ^normal- 
ities* but show degeneration of the peripheral nerves, myocar- 
dial abnonnalities, defects in hematopoiesis and immune 
system, and morphological and functional abnormalities in 
the liver. ^ From these findings, we propose that IL-6 and 
UF may exert double-edged functions on cerebellar Purkinje 
cells; these cytokines may be necessary for the development 
of cerebellar Purkinje cells, but large amounts of them may be 
harmful under normal conditions in adult mice. 

CONCLUSIONS 

Western blot analysis revealed the presence of IL-6R, UFR 
and gpl30 in the murine cerebellum. The localization of these 
receptors on the cell membranes of Purkinje cells was demon- 
strated by imraunohistochemisny. Injection of FDC-Pl cells 
transfcctcd with the cDNA encoding the LIF led to the reduc- 
tion in calbindin immunoreaclivity of Puikinje cell dendrites. 
These findings suggest that LIF affects cerebellar functions 
through Puridnje cells either directly or indirectly. 
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